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Selected reactive intermediates were studied using experimental and theoretical
methodology. To study the properties of radical ions, the photochemical dehalogenation of
pentafluorobenzene in acetonitrile solution with and without the use of electron transfer
agents is investigated. Direct irradiation at 254 nm gave no mono-defluorination products.
Irradiationintheprescenceofelectrontransferagentstriethylamine,1,4-
diazobicyclo[2.2.2]octane and quinuclidine each gave two mono-defluorination products:
1,2,3,5 and1,2,4,5-tetrafluorobenzene.The mechanistic formation of the mono-
defluorination products is discussed in terms of the respective product ratios.
Carbene generation by pyrolytic decompostition of the Li salt of the tosylhydrazone
of 4, 4- diphenyl- 2,5- cyclohexadienone produces a mixture of products which includes
o-terphenyl.13C labeling studies and semi-empirical AM1 molecular orbital calculations
elucidate the mechanistic pathway for the formation of o-terphenyl. A single mechanism is
involved which proceeds through formation of an isobenzene species followed by subsequent
Redacted for Privacyphenyl and hydrogen migrations.
Carbene to carbene rearrangements were investigated by examining the path-
ways for conversion of 2-carbenabicyclo[3.2.1]octa-2,6-diene, 3-
carbenatetracyclo [3 .3 .0.02,8.04'6]octane, and tricyclo[3.2.1]octa-2,3,6-triene to common
product endo-6-ethynylbicyclo[3.1.0]hex-2-ene using density functional theory. A manifold
of equilibrating C8H8 speciesisnot important.Rearrangement of bivalent 2-
carbenabicyclo[3.2.1]octa-1,6-diene to product proceeds via a carbene to carbene
rearrangementprocesstogenerateendo-6-(2-carbenavinyl)bicyclo[3.1.0]hex-2-ene.
Tricyclo [3 .2. 1] octa-2,3 ,6-trieneand3-carbenatetracyclo [3 .3.0.02'8.04'6]octaneproceed
directly to product.The formation of hydrocarbons bicyclo[3.2.1]octa-2,6-diene,
tricyclo [3.2.1.027] o ct-3 -ene and tetracycl o [3 .3.02'8. 04'6] o ctane from 2-
carbenabicyclo[3.2.1]octa-2,6-diene was also investigated, and can be explained by a
combination of a singlet diradical rearrangement and triplet 2-carbenabicyclo[3.2.1]octa-2,6-
diene.
Homoaromaticity in carbene intermediates was studied by analyses of isodesmic
reactions for singlet 7-carbenanorbornene, 8-carbena-endotricyclo[3.2.1.02°4]octane, 3-
carbenabicyclo[3.1.0]hexane, 2-carbenanorbornene, and 2-carbenabicyclooctadiene. Results
provide stabilization energies of 13.83, 13.50, 3.00, -2.22, and -3.98 kcal/mol, respectively.
The C7carbenein7-carbenanorborneneandtheC8carbenecenterin8-
carbenaendotricyclooctane are strongly bent towards the double bond and cyclopropane ring,
respectively, in contrast to their related triplets and parent hydrocarbons. The geometric
change forsinglet3-carbenabicyclohexane compared to thetripletor to parent
bicyclo[3.1.0]hexane is minimal. 2-Carbenanorbornene gave evidence of very modestbridging. The stabilization energy and geometry of 2-carbenabicyclooctadiene resemble an
antihomoaromatic bicyclooctadienylcationratherthan therelatedhomoaromatic
bicyclooctadienyl anion. The singlet-triplet energy differences for each of the respective
species is also evaluated.The Chemistry of Selected Carbene
and Radical Ion Intermediates
by
James K. Pugh
A Thesis Submitted
to
Oregon State University
In Partial Fulfillment of
the requirements for the
degree of
Doctor of Philosophy
Completed November 10, 1998
Commencement June 1999Doctor of Philosophy thesis of James K. Pugh presented on November 10, 1998
Approved:
Major Professor, representing Chemistry
Chf Department of Chemistry
D
I understand that my thesis will become part of the permanent collection of Oregon State
University libraries. My signature below authorizes release of my thesis to any reader upon
request.
3-11114444'James K. Pugh, Author
Redacted for Privacy
Redacted for Privacy
Redacted for Privacy
Redacted for PrivacyACKNOWLEDGEMENTS
First and foremost I wish to thank my major professor and advisor, Dr. Peter K.
Freeman, who by example provided the perfect role model. His never ending excitation and
enthusiasm for science kept me going, a lot more than he will ever know. He also let me see
that education does not begin and end in the lab. My deepest appreciation. I must also thank
two members of the faculty that made my experience here a lot more pleasant. Dr. Kevin P.
Gable who was a constant source of knowledge and advice, and Dr. Carmen Somoza who
helped me over some EXTREMELY high hurdles in synthetic chemistry. Of course the
people who had the closest contact with me day to day deserve mention. Both Dr. Christian
Haugen and Dr. Scott Truksa helped me cut my teeth in the laboratory.
Finally, I owe a huge debt of thanks to my girlfriend Sherry Zhang without whose
support I'm not sure I would have made it through the stressful times as well as I did. Last
but not least, I could not have done any of this work without the support and encouragement
of my loving parents, Keith E. and Jane G. Pugh. They are my best friends.
Funding for the work in this thesis was generously provided by the National Institute
of Environmental Health Sciences, the N. L. Tartar Research Foundation, the Oregon State
University Research Council and the Oregon Sports Lottery Scholarship Fund.TABLE OF CONTENTS
Page
1. Introduction 1
Carbocations 2
Free Radicals 5
Carbenes 7
Excited States 11
Laboratory Methods to Investigate Reactive Intermediates 14
Kinetics 14
Isotopic Labeling 16
Computational Chemistry 17
Importance and Application of Study 21
References 23
2. Photochemistry of Polyhaloarenes. The Fragmentation
of Pentafluorobenzene Radical Anion 25
Abstract 26
Introduction 27
Background 28
Triplet Quenching 34
Fluorescence Quenching 35
Direct Irradiation 37
Electron Transfer Agents 38
Results and Discussion 41TABLE OF CONTENTS (Continued)
Page
Experimental 44
Materials 44
Irradiations 44
Triplet quenching 45
Fluorescence quenching 46
Gas Chromatography Analysis 47
U. V. visible spectroscopy 48
References 49
3. Mechanistic Studies of the Formation of o-terphenyl: The
Rearrangement of 4,4-Diphenylcyclohexa-2,5-dienylidene 52
Abstract 53
Introduction and Background 54
Synthesis of ''C Enhanced Diphenylcyclohexadienylidene 63
Results and Discussion 65
Computational Details 68
Experimental 68
References 78
4. The Chemistry of 2-Carbenabicyclo[3.2.1]octadiene:
An ab-initio Molecular Study 80
Abstract 81
Introduction 82
Results and Discussion 85
Conclusions 99TABLE OF CONTENTS (Continued)
Page
Computational Methodology 101
Acknowledgement 102
References 103
5. Homoaromaticity in Carbene Intermediates 107
Abstract 108
Introduction and Background 109
Results and Discussion 111
Conclusions 117
Acknowledgment 119
References 120
6. Conclusion 122
Bibliography 124
Appendices 136
Appendix A: Measurement of the Singlet State Energy
of Pentafluorobenzene 137
Appendix B: Kinetic analysis for the quantum yield of
pentafluorobenzene in the presence of electron
transfer agents 140
Appendix C: Kinetic analysis of product formation from
pentafluorobenzene photolysis if an excimer is involved 143
Appendix D: Measurement of Molar Absorption Coefficients
at 254 nm (254) 147TABLE OF CONTENTS (Continued)
Page
Appendix E: Cyclopentanone Actinometry 149LIST OF FIGURES
Figure Page
1.1Singlet and triplet carbene 8
1.2Jablonski diagram showing excitation and deactivation processes 12
2.1Plot of the reciprocal of the quantum yield for pentafluorobenzene
photolysis in acetonitrile vs. the reciprocal of triethylamine
concentration 31
2.2Plot of the reciprocal of the quantum yield for pentafluorobenzene
photolysis in acetonitrile vs. the reciprocal of the pentafluorobenzene
concentration 32
2.3Plot of fumaronitrile concentration versus the ratio of 4:1:00/0 for
pentafluorobenzene photolysis 35
2.4The effects of increased pentafluorobenzene (PFB) concentrations
on the reciprocal of the fluoroescence quantum yield 37
2.5The relationship between the reciprocal of the product quantum
yield and the reciprocal of the triethylamine concentration 39
2.6The relationship between the reciprocal of the product quantum
yield and the reciprocal of the quinuclidine concentration 40
2.7The relationship between the reciprocal of the product quantum
yield and the reciprocal of DABCO concentration 40
2.8Radicals formed after proton transfer 43
3.1 13C NMR spectra of o-terphenyl standard 66
3.2"C NMR spectra of "C enriched o-terphenyl 66
4.1Geometrical values of minima optimized at the
B3LYP/6-31G(d,p) level 88
4.2Geometrical values of transition states optimized at the
B3LYP/6-31G(d,p) level 89LIST OF FIGURES (Continued)
Figure Page
4.3Geometries of radical and diradical species 97
5.1The structures for singlet carbenes 4S, 5S, 3S; triplet
carbenes 4T, 5T, 3T; and the related parent hydrocarbons
calculated at the B3LYP/6-31G* level 114
5.2The structures for singlet and triplet 2-carbenanorbornane,
2-carbenanorbornene (6S and 6T), 2-carbenabicyclo[3.2.1]octa-
3-6-diene (7S and 7T), and 2-bicyclo[3.2.1]octadienyl cation (8)
and anion (9) at the B3LYP/6-31G* level 115LIST OF TABLES
Table Page
2.1The Product Ratios for each Electron Transfer Agent after a
60 minute Photolysis 41
3.1Theoretical Intensities of13C NMR Peaks in the
Deuterated Experiment 62
3.2Relative Intensities of13C NMR Peaks 67
4.1Calculated and Relative Energies of Minima and
Transition Structures 87
4.2Composition of Products from Tricyclic Bromide (21) 92
4.3Product Ratio of Hydrocarbon Products from Tosylhydrazone
Decomposition 93
4.4Energies of Diradical Species 95
4.5Energies of Radical Species 96
5.1Stabilization Energies of Carbenes 3S-7S, 7 Norbornenyl
cation 1, Bicyclooctadienyl Anion 8 and Bicyclooctadienyl
Cation 9 113
5.2Singlet-Triplet Energy Differences for Carbenacyclohexane
and Bivalent Intermediates 3-7 117LIST OF APPENDICES
Appendix Page
A: Measurement of the Singlet State Energy of Pentafluorobenzene 137
B: Kinetic analysis for the quantum yield of pentafluorobenzene in
the presence of electron transfer agents 140
C: Kinetic analysis of product formation from pentafluorobenzene
photolysis if an excimer is involved 143
D: Measurement of Molar Absorption Coefficients at 254 nm (254) 147
E: Cyclopentanone Actinometry 149LIST OF SCHEMES
Scheme Page
1.1The pinacol rearrangement 3
1.2The formation of a "phenonium" ion 3
1.3The "pivot" vs. the "slither" mechanism 4
1.4Delocalization of an allyl radical 6
1.5The diradical intermediate of the Cope rearrangement 7
1.6Prototypical generation of a carbene center 9
1.7Representative carbene rearrangements 10
1.8Formation of a radical ion pair 13
1.9The Birch reduction 13
2.1The mechanism of photodehalogenation of polyhalogenated
aromatics 29
2.2Product formation through an exciplex mechanism 30
2.3Excimer mechanism for the photodehalogenation of
pentafluorobenzene 32
2.4Product formation through both singlet and triplet excimers 33
2.5Mechanistic pathways from the excited singlet state (Arri) 36
2.6The possible mechanisms of monodefluorination in
electron transfer studies 42
3.1The photochemical rearrangement of a cyclohexadienone
chromophore 54
3.2Proposed cyclohexadienylidene rearrangement 55LIST OF SCHEMES (Continued)
Scheme Page
3.3Degradation products from 4,4-diphenylcyclohexadienone
tosylhydrazone 55
3.4A route to o-terphenyl formation that places the 13C enhanced
carbon at position three of the central ring 57
3.5A route to o-terphenyl formation that places the 13C enhanced
carbon at position one of the central ring 58
3.6A route to o-terphenyl formation that places the 13C enhanced
carbon at position two of the central ring 59
3.7Alternate resonance form for Scheme 3.6 60
3.8Carbon assignments for deuterated and non-deuterated
o-terphenyl 61
3.9The synthetic pathway to '3C enriched
4,4-diphenylcyclohexadienylidene 64
3.10The energetic and geometric results of AM1 semi-empirical
calculations 65
4.1The carbene, carbanion and carbocation of
bicyclo [3.2.1] octadiene 82
4.2Experimental generation of endo-6-ethynylbicyclo[3.1.0]hex-2-ene 83
4.3The mechanistic pathways of 2-carbenabicyclo[3.2.1]octadiene 85
4.4Identified products from decomposition of
bicyclo [3 .2.1] octadienone to sylhydrazone 90
4.5The formation of semibulivalene and 5-ethynylcyclohexadiene 91
4.6Free radical formation of hydrocarbons 12-14 92
4.7Proposed triplet and singlet diradical process 94The Chemistry of Selected Carbene
and Radical Ion Intermediates
Chapter 1
Introduction
On an overall timescale, the science of physical organic chemistry as a discipline unto
itself is still relatively young. Taken from the preface of Louis P. Hammett's book entitled
Physical Organic Chemistry, 2nd ed: "When I was writing the first edition of this booksome
30 years ago, the field of physical organic chemistry was not much more than 10 years oldas
an active subject of investigation."' That would have put the beginnings of physical organic
study some 60 years ago. So what is it that defines the discipline of physical organicas
compared to other branches of organic chemisty? Defined in the simplest of terms, physical
organic chemistry is the study of reaction mechanisms involving compounds containing
carbon, hydrogen, oxygen, sulfur, the halogens and a few other select atoms. This thesis is
entirely devoted to the study of a select few organic reactions. A key goal forany
mechanistic investigation is the elucidation of the nature of the reactive intermediate for all
steps which proceed through intermediates. A reactive intermediate can be definedas a
species involved in a given reaction that is not stable enough to be isolated with the other
products of the reaction. By gaining insight into the reactivity and mechanistic behavior of
organic reactive intermediates, the understanding of exactly how organic chemistryoccurs
will be improved.
Even in a field as large as organic chemistry, the number of classes of reactive2
intermediates is quite limited. They all fall into one of six categories: 1) carbocations; 2)
carbanions; 3) radicals; 4) carbenes; 5) arynes and 6) excited states. The research described
here focuses on carbenes, radicals and excited states. Cationic and carbanionic intermediates
are, however, not completely neglected. The following sections will discuss some of the
general characteristics of the reactive intermediates pertinent to the research that was
conducted. Following the overview of reactive intermediates will be a discussion of the
experimental techniques used to gain the appropriate data.
Carbocations
Carbocations are defined as intermediates in which carbon is positively charged.
There are countless reactions that involve carbocations, and the study of these has been
crucial to the understanding of organic reactivity.Reactions that proceed through a
carbocation intermediate include nucleophilic substitution, elimination, electrophilic addition
to alkenes, electrophilic aromatic substitution, fragmentation and rearrangement. Of these,
rearrangements are the most pertinent to the research presented here.The type of
rearrangements that were examined were intramolecular migrations of a hydrogen, alkyl
group or aryl group to an adjacent carbocation center (for example, 1,2 and 1,4 sigmatropic
shifts).
One of the early examples studied of a 1,2 shift was the rearrangement of pinacol (1)
to pinacolone (2).2 (Scheme 1.1) This rearrangement can also occur when the methyl groups
on the diol (1) are replaced by other alkyl or aryl groups. Aryl groups have an added3
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Scheme 1.1: The pinacol rearrangment.
advantage for this type of migration, and that lies in the formation of a "phenonium ion".
Some of the earliest work on this system was done by Cram in his solvolysis of L-threo and
L-erythro isomers of 3- phenyl -2 -butyl tosylate in acetic acid3 (Scheme 1.2).Although
debated for many years by H.C. Brown'', the existence of the phenonium ion has been
established in a number of studies' and is now an accepted mechanism.
H3C
CH,CO211
H
H3C
H3CH,CO2H
OTs
H3C
H
Scheme 1.2: The formation of a "phenonium" ion.4
Carbocations in zwitterionic intermediates have also played a role in intramolecular
rearrangements. A notable example of this is the work done by Zimmerman' to elucidate the
mechanism of product formation from a-bromo ketone 3 (Scheme 1.3). When the zwitterion
was formed thermally it led to the cyclopropyl product 4, not the isomer 5. This ruled out
a "pivot" mechanism. The preferred mechanism must then involve either successive 1-2 alkyl
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ArBr
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5
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4
Scheme 1.3: The "pivot" vs. the "slither" mechanism
ArBr5
migrations or a single 1-4 shift. This example provides insight into a few of the mechanistic
discussions to follow.
Free Radicals
A free radical is defined as a molecule or atom with an unpaired electron. Although
the term dates back to the late 1700s, it was not until this century that researchers intensely
studied and characterized radicals. Most of the early work was headed by Moses Gomberg.7
In his attempt to synthesize hexaphenyl ethane he isolated a white solid. He proposed that
it was triphenylmethyl - the first stable free radical. This assumption was met with much
debate and disbelief.For the remainder of his life (1866-1947) he was devoted to the
investigation and understanding of free radicals and associated chemistry. Now free radicals
are readily accepted. The most common means of detection for radical centers is electron
spin or electron paramagnetic resonance. Radicals lead to a variety of chemical processes
which include chain reactions, rearrangements, fragmentation, radical abstraction and radical
addition.
Delocalization of a radical has also been observed.'If a radical center is adjacent to
a TE system, it can delocalize as given in Scheme 1.4. The electron spin resonance spectrum
of the allyl radical is symmetric, with equal unpaired electron density at each end.6
H
Scheme 1.4: De localization of an allyl radical.
An important aspect of free radical chemistry investigated in this thesis is the hydrogen
abstraction reaction. An abstraction reaction is the removal of an atom (usually hydrogen or
a halogen) by a free radical species.
BA + R --0,- Bo + AR
A molecule with two radical centers is called a diradical.If each of the unpaired
electrons is of opposite spin, the diradical is in the singlet state. Conversely, if the electrons
are of the same spin it would be a triplet diradical.
Diradicalintermediates have been proposed in many kinds of chemical
transformations. The Cope rearrangement has received considerable attention' and is believed
to have, in some cases, a 1,4-diradical intermediate (Scheme 1.5).
It is now understood that the transition state for the Cope rearrangement can range
from stepwise to two nearly independent allyl radicals, depending upon the substituents
placed upon the carbons involved. The parent rearrangement (1,5-hexadiene) has recently7
Scheme 1.5: The diradical intermediate of the Cope
rearrangment.
been shown by high level ab-initio calculations to be concerted,' not stepwise.
There is only one other class of compounds that contain an unpaired electron that is
relevant to the thesis research. This class consists of radical ions. Radical ions are species
that contain a free radical and also bear a positive (radical cation) or negative (radical anion)
charge. Radical ions are made when the neutral, even-electron parent compound receives or
loses one electron. This area will be discussed further in the section on excited states below.
Carbenes
Carbenes are divalent carbon intermediates where the carbon atom contains six
valence electrons, four of which are involved in two covalent bonds with the remaining two
as non-bonded electrons. Of the reactive intermediates mentioned so far, carbenes have been
investigated in the chemical literature for the shortest amount of time.The pioneering
research on this class of compounds was not really started until the 1950s with the work of
Hine." As with the work of Gomberg and free radicals, the early carbene studieswere met
with skepticism and controversy.8
As there are two nonbonded electrons and two available atomic orbitals, carbenes can
exist in two different states (Figure 1.1). If the electrons are of opposite spin and are located
in the same orbital, they represent a singlet carbene. The electrons may also be of the same
spin. In this case, they would be required to be in separate orbitals. This species is known
as a triplet carbene. The energy difference between the two orbitals would dictate the ground
singlet triplet
Figure 1.1: Singlet and triplet carbene
state of the carbene. If the energy difference between orbitals is fairly close, then by Hund's
rule triplet carbene would be the low energy species because of the reduction in electron
electron repulsion. The majority of carbene reactions can be classified as insertion reactions
into a bonds and cycloaddition reactions with it bonds. Even though both singlet and triplet
carbene intermediates can lead to similiar products, the difference in the two carbene states
will be reflected in the mechanism of the reaction. A singlet state with paired electronsmay
lead to product in a concerted reaction. On the other hand, triplet carbene must react ina
stepwise fashion because of the unpaired electrons. Often the stereochemistry of the reaction
products can give information about the triplet or singlet state of the reacting carbene.
Carbenes can be generated primarily from two types of reactions, decomposition of reactive+ :CH2
Insertion
+ 'CH2
Cycloaddition
C CH2-H
CH2
/I I llllll lllll
I I
9
molecules (ketenes or diazo compounds) and a-eliminations. To generate carbenes in this
study the Bamford-Stevens reaction,' which involves the thermal degradation ofa
tosylhydrazone, was used. A tosylhydrazone is easily formed from an aldehydeor ketone
(Scheme 1.6). One of the benefits of using this reaction is the ability to monitor the reaction
progress by nitrogen gas evolution.
H2NNHTs
R2C =O R2C=NNHTs
;C:
()Li
nBuLi e
R2C=NN Ts
1
eliminationLiTs
-N2
-4---- R2C=N2
Scheme 1.6: Prototypical generation of a carbene center.10
A major interest we have in carbene chemistry is the ability of carbenes to undergo
intramolecular rearrangements. Although there are far too many illustrations of carbene
rearrangements to cover all of them here, a few representative examples' are given in Scheme
1.7.
(a)
Ph Ph
H
(c) >---C:--0- H = H
H
+ C=CH2
Ph Ph Ph Ph Ph
o-terphenyl m-terphenylp-terphenyl
8% 14% 23%
Scheme 1.7: Representative carbene rearrangements.
Ph11
Excited States
This is easily the broadest category of reactive intermediates discussed so far, for any
molecule with a chromophore capable of absorbing light energy can proceed to an excited
state. In the excited state of a given molecule, the electrons are temporarily displaced from
the most stable configuration.The field of study that deals with this phenomenon is
photochemistry. Photochemistry flourished during the 1960s and as a result has provided
many interesting and useful chemical reactions. To cover the entire topic of photochemistry
is obviously not possible in this introduction, but a few general principles should be
mentioned.
For a compound to undergo a photochemical process, it must first absorb light energy
(photons, h v) from an irradiation source. The sources of irradiation can range from natural
sunlight to monochromatic lasers. For the molecule in question to absorb the energy, it must
have an energy level that matches the energy of the irradiation source. Once the lightenergy
is absorbed and the electron promoted to a higher energy level, several deactivationprocesses
can occur as depicted in a Jablonski diagram (Figure 1.2).In a Jablonski diagram it is
traditional to depict transitions that involve electromagnetic radiation (absorption and
emission) with straight arrows and non-radiative transition with wigglyarrows.In this
diagram, upon absorption an electron is promoted to the second singlet state (S2). From here
it undergoes internal conversion (IC) to the first singlet state (S1). Intersystem crossing (ISC)
is an isoenergetic process that can occur to change to an excited state of different spin
multiplicity (triplet state). Emrnision can occur from either the singlet state (fluorescence)or12
S2
i
Excitation
So
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AWAVAWAS1111.
Fluorescence
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Figure 1.2: Jablonski diagram showing excitation and deactivation processes
triplet state (phosphorescence). There are many types of electronic excitation, with the most
common being 7r7r *, n Tr*, n a* and a e.
In this study we are concerned with the excitation of a substrate (most commonly
arene) and the subsequent formation of an excited complex (exciplex)or excited dimer
(excimer). An exciplex is a complex formed between an electronically excited substrate and
another species in its ground state.This may be written as M* + Q(MQ)*. The only
difference between an exciplex and an excimer is that in an excimer both the excited andnon-
excited entities are of the same species [M* + M (MM)*]. Upon formation of the excimer
or exciplex there can be an electron transfer to form a radical ion pair as shown in Scheme
1.8. This ion pair consists of a radical anion and a radical cation. These types of ionare seen
in many facets of chemistry.Radical anions are intermediates in many metal reduction
reactions. A classic example of this would be the reduction ofan aromatic ring by sodium13
electron
hu [Q] transfere M M* (MQ)* MID Q
Scheme 1.8: Formation of a radical ion pair.
metal in liquid ammonia. This type of reaction is known as the Birch reduction (Scheme
1.9).14 In our investigations the radical ion pair can undergonumerous reactions, including
hydrogen abstraction, hydride transfer and fragmentation.
Na
NI-13
NI-13
H H
Na
Scheme 1.9: The Birch reduction.
H H
Photochemical reactions are measured in terms of a quantum yield ((). The quantum
yield for a product is defined as the number of molecules of product formedper unit time per
unit volume divided by the number of quanta absorbed per unit timeper unit volume. This
relationship gives the efficiency of product formationper quanta of light absorbed. The
higher the given value, the more efficient the particular photochemical transformation.14
Laboratory Methods to Investigate Reactive Intermediates
All of the theory in the world can only take research to a certain point. Ultimately the
thoughts and ideas need to be tested and raw data collected. There are many tools available
to the physical organic chemist that can be used to elucidate organic reaction mechanisms.
Some of the more common fall into the broad categories of thermodynamics, kinetics, linear
free energy relationships, isotope effects, isotopic labeling, computer modeling and the
trapping and or characterization of the intermediates themselves. The techniques used during
this study are discussed below.
Kinetics
This topic is extensive, but there are a few very useful concepts that stem from kinetic
analysis that were used throughout much of the photochemical studies conducted. In the
most general of terms, kinetics deals with the rate of change in concentration ofa given
molecule or molecules. For any given chemical process,a theoretical rate law can be devised.
For many of the photochemical reactions studied a proposed rate lawwas developed (see
Appendix B and C for a thorough examination of given rate laws); then whenever possible,
the steady state approximation was invoked to simplify the situation.The steady state
assumption implies that a given intermediate is established ata low, constant steady state
concentration. Therefore the rate of change of this intermediate would bezero. This is an
extremely valuable technique in the simplification of complex rate expressions. Ideally then
one would be able to work with the unknown concentrations of a rate expression in terms of15
known values (usually starting concentrations).
The second aspect of kinetic analysis used frequently is a Stern-Volmer15 treatment
of the data. A molecule in a photoexcited state can transfer its energy to another molecule.
When this occurs the excited state has been "quenched". There are many known quenchers
that work for both singlet and triplet excited states. A Stern-Volmer plot is a plot of the
reciprocal of the quantum yield vs. the quencher concentration. If this plot is linear, a given
rate constant or ratio of rate constants (depending upon the original rate expression) can be
obtained from the slope.If the plot is non-linear, information about the type of chemical
process taking place can be inferred.
The last kinetic principle used is the Arrhenius equation (Equation 1.1).In this
equation A is known as the Arrhenius pre-exponential factor or frequency factor, Ea is the
energy of activation, R is the gas law constant and T is the absolute temperature.
-E,
k=Ae RT
Plots of the In k versus 1/T yield Ea. Ea can also be obtained from computational data. Rate
constants are therefore a direct function of the energy changes that occur by the
reorganization of bonds during a chemical reaction.16
Isotopic Labeling
A common use for isotopes in mechanistic studies involves their useas a tracer to
follow an atom during the course of a reaction. By knowing exactly wherea certain atom
ends up in the product, information about the mechanism of formationcan be obtained. It is,
of course, important that the incorporation of the label would not change the normalprocess
of the reaction in question. Two widely used isotopesare deuterium (heavy hydrogen 2H)
and the '3C isotope of carbon. Deuterium will not givea signal in a normal 1H nuclear
magnetic resonance (NMR) spectra. By comparison toa spectrum on non-labeled material,
the location of the deuterium can be confirmed. Bothmass spectrometry and infrared
spectroscopy can also be used to locate deuterium. The ease of exchange of a hydrogencan
be investigated by placing the substrate in the presence ofa deuterated solvent. '3C labeling
now enjoys widespread use.The natural abundance of the '3C isotope is 1.1%. By
synthesizing a precursor to a chemical reaction that containsa '3C label at a known location,
the exact-position of the labeled carbon in the productcan be obtained by 13C NMR. Again
by comparison with a non-labeled spectrum, the enhanced carbon should be readily visible.
The benefits of this type of labeling is that it does not takea large amount of label to see a
marked increase in relative peak size in the spectra. Many labeled starting materialsare
commercially available. The only drawback is that most of themare quite expensive.17
Computational Chemistry:
The use of models to visualize the structure of chemical species has long been a
counterpart to experimental chemistry. It was not long ago that many results were predicted
based on the geometry found by the use of Drieding models. Since then, computer based
chemical drawing programs have come into use in both the classroom and the laboratory.
Now, more sophisticated computer programs have been developed and computational
chemistry is quickly becoming a major tool for chemical research in its own right. It provides
a method to study chemical properties and phenomena using computers rather than
experimental evidence, or it can be used in conjunction with laboratory data. Calculations
based on the fundamental laws of physics can provide insight into both known and unknown
structure and properties.It is a particularly useful technique to study structures that
otherwise would be very difficult (intermediates) or impossible (transition states) to observe.
Not long ago much of the computer modeling was done using calculations based upon
molecular mechanics. Molecular mechanics calculations use the laws of classical physicsto
determine molecular structure. A given molecular mechanics method is characterized bya
unique force field. This force field contains a set of equations that define how the potential
energy of the system varies with atomic location, a series of atom types that define the
elemental properties, and parameter sets that tie both the equations and atom types to known
experimental data. In a molecular mechanics calculation the explicit nature of the electron
is not evaluated, but rather the potential energy resulting from the interaction of electron and
nuclei.In this regard, the success of using molecular mechanics reliesupon the18
parameterization (the experimental values included in the method). A method should be
selected that contains experimental values based upon systems that are similar to the study
in question. As the electrons are not treated explicitly, molecular mechanics calculations
cannot treat systems where electronic effects are crucial, for example bond breaking,
formation or reorganization. For systems of this nature, electronic structure methods are
more applicable.
Electronic structure methods:Electronic structure methods are based upon the
laws of quantum mechanics.In quantum mechanics, the energy and other properties of
molecular structure can be obtained by solving the Schrodinger equation:
1/1P =ET
In this relationship H is the Hamiltonian operator, T is the wavefunction and E is the
energy. The exact solutions to this equation are impossible except for the smallest of systems.
To circumvent a great deal of the math involved in solving the equation, various
approximations are made. Each electronic structure method is defined by the approximations
made to the molecular hamiltonian. The molecular Hamiltonian is composed of both kinetic
and potential energy terms:
H=T+V19
Most methods are based upon the Hartree-Fock model.This model uses three
approximations: 1) there is a separation of nuclear and electron motion (the Born-
Oppenheimer approximation); 2) there is a separation of electron motions (the Hartree-Fock
approximation); and 3) the individual molecular orbitals are represented by a linear
combination of atom-centered one electron basis functions (the linear combination of atomic
orbitals or LCAO approximation). The third approximation is what constitutes the basis set
and dictates the wavefunction used in the calculation. There are three common types of
electronic structure methods currently in use; semi-empirical, ab-initio and density functional
calculations.
Semi-empirical methods:16 Perhaps the most important feature of semi-empirical
methods is in the use experimental numbers to estimate integral values. Dependingupon the
method, these experimental parameters are designed to reproducea wide variety of
experimental data such as the geometry and heat of formation.In addition, most semi-
empirical models are restricted to a minimal basis set.The benefit of semi-emperical
calculations is the tremendous reduction in overall computer time for completion of the
calculation.The drawback is in the accuracy of the model, particularly with respect to
transition states or intermediates to which the parametersare not necessarily related.
Ab-initio models:1' Ab-initio models use no experimental parameters but rely solely
upon the laws of quantum mechanics. There are two categories of ab-initio calculations:
correlated and non-correlated. In non-correlated methods the reportedenergy is often too
high because of the neglect of electron-electron repulsion. Each electron is assumedto move
in an average potential energy field of all others. Correlated models tie themovement of20
electrons together. Most practical correlated models achieve electron correlation by mixing
ground-state (lowest energy) determinants with excited-state (higher energy) determinants.
The downside of these calculations is the requirement of more and more computer time to
complete the calculations.
Density Functional Theory: 18 The general approach of density functional theory is
to model electron correlation with general functionals of the electron density (a functional is
a function whose definition is itself a function: the function of a function). As was seen with
the previous computational methods, the energy of the system is divided into several terms
representing the kinetic energy, the Coluomb potential energy (which includes nuclear-nuclear
repulsion, electron-nuclear attraction, and electron-electron repulsion), dynamic electron-
electron repulsion and an exchange-correlation term. In pure DFT, with the exception of the
nuclear-nuclear repulsion potential, all of the terms are a function of the electron density.
Hybrid density functional methods are very similar to Hartree-Fock calculations, with the
exception of the exchange-correlation term which is applied to improve the electron-electron
repulsion term. Density functional theory has enjoyed a large following in the past fewyears.
This is due to the fact that these methods provide electron correlation while using much less
overall computer time than the traditional correlated methods.
When used in a predictive manner, computational chemistry can becomea very
valuable tool. By providing both thermodynamic and kinetic data via the relative energies of
products, reactants, intermediates and the energy of activation for transition states,
calculations could examine the feasibility of a reaction before any lab work is performed.
They can also give insight through geometric and energetic data as to why reactions might21
not proceed as expected. As more and more data is collected in this fashion, it should not be
long before calculations become a technique used in every working laboratory.
Importance and Application of Study
As mentioned before, the importance of the work presented in this thesis really drives at
the heart of physical organic chemistry. In the simplest of terms it is the study of organic
reactivity. In a larger sense it is a small contribution to the understanding of the behavior of
organic reactive intermediates.Chapter 2 is an investigation into the photochemical
degradation of aromatic halides. A ground state aryl halide is excited and forms an excited
complex followed by electron transfer to give a radical ion pair. The significance of this study
is in the breakdown of the original substrate. The compound used belongs toa class of
chemicals that are extremely toxic and, unfortunately, are found in abundant quantities in the
environment. We hope to elucidate the mechanism of degradation with the ultimate
application being the development of new methods of toxic waste disposal.
In Chapter 3, 13C labeling is used to elucidate the mechanism of product generation
from a carbene reaction.Although carbocations and carbanions have enjoyed a lot of
attention and study, carbenes are still at a relatively primitive stage of understanding and
manipulation. A whole new series of chemical reactions may be discovered thatcan be used
for synthesis or other industrial applications. At the very least, insight will be gained into the
nature of carbenes and the reactivity they exhibit.
The last two chapters also deal with aspects of carbene chemistry. Chapter 4 focuses22
on the ability of a carbene framework to rearrange. This is entirely a theoretical study using
computational chemistry.Transition states that only a few years ago would have been
impossible to gather information on are presented here and discussed in both energetic and
geometric terms. The field of transition state searches with computers is a new and exciting
field of chemistry. A better understanding of transition states is crucial for us to move
forward and really understand mechanistic chemistry.The final chapter again uses
computational chemistry to investigate the similarity and differences of a class of related
carbenes.23
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Chapter 2
Photochemistry of Polyhaloarenes
The Fragmentation of Pentafluorobenzene Radical Anion
James K. Pugh and Peter K. Freeman*
Department of Chemistry, Oregon State University, Corvallis, Oregon 97330-400326
Abstract
The photochemical dehalogenation of pentafluorobenzene in acetonitrile solution with
and without the use of electron transfer agents is investigated. Direct irradiation at 254 nm
gave no mono-defluorination products.Irradiation in the prescence of electron transfer
agents triethylamine, 1,4-diazobicyclo[2.2.2]octane and quinuclidine each gave two mono-
defluorination products: 1,2,3,5 and 1,2,4,5-tetrafluorobenzene. Diethylamine gave 1,2,3,5-
TFB and 1,2,4,5-1113 with product isomer percentages of 35 ± 3% and 64 ± 3% respectively.
Both diazobicyclooctane and quinuclidine gave similar product percentages. In the case of
diazobicyclooctane the product percentages were19 ±1% 1,2,3,5-TFB and 81 ± 1%
Quinuclidine yielded results of 18 ± 1% 1,2,3,5-1113 and 82 ± 1% 1,2,4,5-11B.27
Introduction
The effects of deleterious chemicals on the environment has increasingly become an
intense area of concern in both the scientific community and the public press. Particulary
important are the investigations of various halogenated chemicals.1'23'4 Of these, dioxins and
polychlorinated biphenyls (PCBs) receive a great deal of attention given their extreme
toxicity.5,6 Dioxins are produced as side products during the manufacture of several items
(certain pesticides, preservatives, disinfectants and paper products) and through low-
temperature burning of various materials (municipal incineration, backyard trash burning,
inadvertent landfill fires and metal smelting). Although now banned worldwide, PCBswere
manufactured as electrical insulating fluids and printing ink additives. Theyare still found,
however, in electrical equipment used in every country. Once these chemicals are released
into the environment it is not hard for them to end up posing a real threat to human health.
Through burning they are released into the air and are able to fall upon vegetation, soil and
water, where they are easily ingested by livestock. Both dioxins and PCBs have high fat
solubility. Once ingested, they are readily taken into the meat and can directly enter the human
food chain.7'8 The most toxic member of the dioxin family is 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). In mammals, 2,3,7,8-TCDD can producea range of toxic effects among
which are death from wasting disease, immune system damage, organ damage (kidney, liver,
and intestinal), reproductive and birth defects, cancer and chloracne (skin eruptions).9'1°31
Although the toxic effects of PCBs are probably the most publicized,1213many related
compounds have also been found to have large biological impact. Polybrominated biphenyl28
(PBB) mixtures are currently used widely as industrial fire retardants.2 In 1973 and 1974a
large quantity of PBBs made its way into livestock feed and the food supply dueto an
unfortunate mistake in the transferring of feed additives." The contamination in Michigan is
widespread with estimates that 97% of Michigan residents would exhibit detectable levels of
PBBs if examined. In mammalian studies PBBs have virtually thesame physiological impact
as 2,3,7,8-TCDD.15 The current method of disposal for these and similar chemicals is by
burying or burning.
16,17Unfortunately, as mentioned previously, incineration leads to direct
release into the environment.1"9 Our lab is workingon elucidating the photochemical
mechanisms of dehalogenation for a wide variety of these compoundsto help develop
alternate means for disposal and elimination.
Background
Previous work in our laboratory has shown that the photodehalogenationof the
majority of polyhalogenated aromatics proceeds througha triplet excimer and is represented
by Scheme 2.1.20,21,22'23'24,25 By this mechanism, the groundstate haloarene (ArX) absorbs a
photon of light and produces an excited singlet (ArX*1). By efficient intersystemcrossing (in
some cases reaching a quantum yield near 1.0) an excited triplet can be formed (ArX") which
can combine with a second ground state molecule to create an excited dimeror excimer
(ArX8+ArX5"). The excimercan then fragment to dehalogenation products. This pathway has
been established in our laboratory by previous experimental workon most polychloro- and
polybromoarene substrates.17-21 The efficient intersystem crossingrate in these systems is29
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attributed to the increased spin-orbit coupling provided by the heavy atoms present (bromine
and chlorine). This is commonly referred to as the "heavy atom effect".26'27 Because the
photodehalogenation occurs through a triplet excimer, care must be taken toremove
molecular oxygen - a known triplet quencher.' This is usually achieved througha degassing
procedure or replacement with an oxygen free atmosphere.
In order to provide a more complete picture of the photodehalogenation of
polyhalogenated aromatics, studies on the defluorination of pentafluorobenzenewere
undertaken." The photochemical transformations of pentafluorobenzene in thepresence of30
electron transfer agents should provide a simpler mechanistic picture than the analogous
polychloro and polybromoarenes. This is due to the high strength of the C-F bond (124
kcal/mo1)3° and the low value of the singlet energy level of 98 kcal / mol (Appendix A).
Given the 26 kcal/mol energy difference, there should be no competition for product
formation from direct fission of the carbon-fluorine bond.The photodefluorination of
pentafluorobenzene in the prescence of an electron transfer agent (ETA) would then be
expected to proceed entirely through an excited complex (exciplex) as pictured in Scheme
2.2.
hu ArF ArF*1
kd
ETA
kr Arr. ETA Product
Scheme 2.2: Product formation through an
exciplex mechanism.
If this mechanistic scheme is in operation, then applying the steady state assumption'
to the excited singlet (ArF") yields equation 2.1 where F = kr / (kr + ke) [Appendix B]. A plot
of the reciprocal of the quantum yield vs. the reciprocal of the electron transfer concentration
1 1
+
kd
4) F Fkdr(ETA) (2.1)31
should provide a linear relationship with a positive slope.Originally, the photolysis of
pentafluorobenzene in the prescence of triethylamine as an electron transfer agent gave the
surprising result of a curved instead of a linear relationship (Figure 2.1).26 This prompted an
investigation of the direct photolysis of pentafluorobenzene. Using the same reasoning and
kinetic analysis as was applied to the triethylamine electron transfer agent discussed above,
the mechanistic scheme would be represented by Scheme 2.3. In this reaction scheme the
excited singlet (ArF *I) can interact with a ground state molecule and form an excited dimer
(excimer) as was seen in the photodehalogenation of both the chlorinated and brominated
substrates.If direct photolysis results in product formation then a plot of 1/0 vs.
1/[pentafluorobenzene] should be linear. This was found to be the case as is demonstrated
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Figure 2.1: Plot of the reciprocal of the quantum yield for
pentafluorobenzene photolysis in acetonitrile vs. the reciprocal of
triethylamine concentration.32
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Figure 2.2: Plot of the reciprocal of the quantum yield for
pentafluorobenzene photolysis in acetonitrile vs. the
reciprocal of the pentofluorobenzene concentration.33
by Figure 2.2.29 What was left to be determined was whether the excimer was formed
through the singlet state or through the triplet state.
Considering the possibility of a triplet excimer makes the mechanistic picture
somewhat more complicated as given in Scheme 2.4. The kinetic analysis of Scheme 2.4
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Scheme 2.4: Product formation through both singlet and
triplet excimers.
results in a complicated equation (Appendix C), but if the reaction proceeds entirely through
the triplet state then a ratio of the product quantum yield with (Oprodu) and without (0°)
triplet quencher simplifies to equation 2.2. Thus a plot of I° / 4:0 vs. the concentration of
k [0]
(13''=1+ q
(1) ka+IcreprFJ (2.2)34
quencher [Q] would be linear. If the reaction proceeds entirely through the singlet state then
the ratio of product quantum yields with and without quencher would be equal to 1. If the
mechanism has both a reactive singlet and a reactive triplet the graph would exhibit regions
of both extremes. The result of this type of mechanism would be a plot that hasa linear
positive slope region (at low [Q]) which rolls over to produce a second linear region ofzero
slope (at high [Q]).
Triplet Quenching
Triplet quenching functions by the ground state of the quencher reacting with the
excited state of the aryl fluoride (ArF *3). For this reaction to proceed in its simplest form,one
must insure that the concentration of the aryl fluoride is such that the majority of incident light
is absorbed by the substrate and not by the quencher. To adhere to these conditions, the
molar absorption of pentafluorobenzene was measured (Appendix D). Sampleswere then
made so that pentafluorobenzene absorbed nearly all of the incident radiation. The other
condition that should be met is that the triplet energy of the quencher lies below the triplet
energy of the substrate. Fumaronitrile is a commonly employed triplet quencher' and has a
triplet energy of 79.9 kcal/mol." The results of the quenching experimentare given in Figure
2.3. Two things are evident from this result. The first is that increased concentrations of
fumaronitrile had no effect. The second is that the ratio is close to the value of 1. Bothare
evidence for a singlet excimer reaction.35
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Figure 2.3: Plot of fumaronitrile concentrations versus the ratio of 00 /
(1) for pentafluorobenzene photolysis.
Fluorescence Quenching
Fluorescence quenching is often used to verify the existence of singlet excimer
formation.' Scheme 2.5 shows all of the possible pathways froma singlet state. From this
mechanistic picture the quantum yield for fluorescence (Of) would be given by equation2.3,
which only focuses on the pathway leading to fluorescence (ArF *lArF + hv).From this
relationship self quenching would be evident ifa plot of the reciprocal of the fluorescence
quantum yieldagainst the concentration of ArF islinear.Sample solutions of
kf
kf+ksd+k,+kex[Arn (2.3)36
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Scheme 2.5: Mechanistic pathways from the excited
singlet state (ArF').
pentafluorobenzene in absolute ethanol were prepared and purged with nitrogen to omit
oxygen.Fluorescence emmision spectra were obtained for the samples and for 9,10-
diphenylanthracene, which was used as a reference. The fluorescence quantum yieldcan be
obtained using the relationship given in equation 2.4, where PFB = pentafluorobenzene and
9,10-DPA = 9,10-diphenylanthracene. The only unknown values in this equationare the
respective areas, and those are obtained from the fluorescence spectra. A plot of 1 / Ofvs.
[PFB] was obtained and is given in Figure 2.4. As can be seen from the linear relationship
(r2 = 0.99), there is a self quenching mechanism in operation for the singlet excitedstate. At
this point in the study it appeared that pentafluorobenzene forms monodefluorinated products
from direct irradiation, and the mechanism of product formation is througha singlet excimer.
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Figure 2.4: The effects of increased pentafluorobenzene
(PFB) concentrations on the reciprocal of the fluorescence
quantum yield.
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There was concern, however, in the detection of monodefluorinated products (the three
isomers of tetrafluorobenzene) in the reagent bottle of pentafluorobenzene. Having this
impurity present from the start can easily lead to false product analysis after irradiation. At
best, the amounts of impurity can be used as a correction factor during G.C. analysis. At this
point the direct irradiation of pentafluorobenzene was re-evaluated.
Direct Irradiation
A fresh bottle of pentafluorobenzene was purchased and this showed no evidence of
tetrafluorobenzene impurity by capillary gas chromatography analysis. A solution of 0.7 M
pentafluorobenzene in pentane with 0.013M dodecane as internal standardwas prepared.
Upon irradiation, there was no evidence of monodefluorination products after 30 min, 60 min,38
7 hours and 18 hours of irradiation time. The next step was to take the original bottle of
pentafluorobenzene and plot the reciprocal of the product yield against the inverse of the
pentafluorobenzene concentration without doing any irradiation. This ofcourse yielded a
linear relationship between the two.It is a real possiblity that the previous findings were
based upon bottled impurities. A careful photolysis of pentafluorobenzene givesno evidence
of product formation. This is what was originally expected basedupon the strength of the
carbon fluorine bond and the singlet energy of pentafluorobenzene. With this in mind, the
triplet quenching results are as they should be. No effect of increased triplet quencher due
to no product formation in the first place. The values less than 1 could be due to variances
in the G.C. measurement of the TFB impurities. The fluorescence quenching is independent
of product formation, so there is evidence of complexation but this obviously doesnot lead
to monodefluorination products. The excimer may form, then simply fall apart.
Electron Transfer Agents
hu
254 nm
No Reaction
With a clearer picture of the direct photolysis of pentafluorobenzene, photolysis in the
presence of electron transfer agents was investigated. As was mentioned earlier, the kinetics
of this reaction would show a linear relationship between the reciprocal of thequantum yield39
(0) and the reciprocal of the electron transfer agent concentration ([ETA]) (Scheme 2.2 and
equation 2.1). For this investigation three electron transfer agents were used: triethylamine,
4,4-diazobicyclo[2.2.2]octane (DABCO) and 4-azobicyclo[2.2.2]octane (quinuclidine). The
molar absorption coefficient for each at 254 nm was measured (Appendix D) and samples
were prepared to insure that the pentafluorobenzene absorbed all of the light. The quantum
yield dependance on electron transfer reagent for each photolysis is presented in Figures 2.5,
2.6 and 2.7.
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Each of the above figures has a linear trend (r2 = 0.993, 0.991, and 0.996
respectively), providing evidence for the excited complex mechanism outlined in Scheme 2.2.
The product ratio from these reactions is given in Table 2.1.
Table 2.1: The Product Ratios for each Electron Transfer Agent after a 60 minute
Photolysis.
Electron Transfer Agent 1,2,3,5- 1,2,4,5- 1,2,3,4 -
TetrafluorobenzeneTetrafluorobenzeneTetrafluorobenzene
Triethylamine 35±3% 64±3% 0%
Quinuclidine 19±1% 81±1% 0%
DABCO 18±1% 82±1% 0%
Results and Discussion
It is of interest that the product ratio of triethylamine differs from the product ratio
obtained with quinuclidine and DABCO. This is likely due to the nature of the radical cation
formed after electron transfer. There are three possible pathways to product formation from
the exciplex as outlined in Scheme 2.6. Pathway A would be a separation of the exciplex
followed by fragmentation of the radical anion (D). Pathway B begins with a proton transfer
from the electron transfer agent molecule involved in the exciplex.The final pathway (C)
begins with a hydrogen transfer from the electron transfer agent actively involved in the
exciplex.If the initial step to product formation were the dissociation of the exciplex
(pathway A), then the product ratio from each electron transfer agent should be similiar. ThisArF 1-11--11)ArF*
E.T.A.
-E.T.A* H+
ArF "IC ArF E.T.A".
(A) (B)
Fragmentation(D) (C)H-
Products
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Scheme 2.6: The possible mechanisms of monodefluorination
in electron transfer studies.
V
1,2,3,5-TFB
is not the case, as triethylamine forms a larger amount of 1,2,3,5-1111 Lewis has investigated
exciplex formation with tertiary amines and found that homolytic bond cleavage of an a-
hydrogen does not occur, but that proton transfer to form a radical pair is favored.' This
would rule out pathway C and support pathway B. Upon completion of the proton transfer,
a neutral radical would be formed in the amine (Figure 2.8). The exciplex involving DABCO
or quinuclidine would not be able to transfer a proton as readily as triethylamine given the
relative stabilization of the radical center in triethylamine following proton transfer. Using
frontier molecular orbital theory, Fleming has proposed that by overlap of the orbital of the43
quinuclidine DABCO triethylamine
Figure 2.8: Radicals formed after proton transfer.
radical center with the orbital of the non-bonded electron pair the system would be stabilized.
This is due to the two electrons from the non-bonded orbital moving into a lowerenergy
orbital, while only one electron (from the radical center) gains in energy.' This overlap
would not be available in quinuclidine or DABCO (Bredt's rule).Consequently the
contribution of product formation by pathway B for quinuclidine and DABCO would be less.
It should also be mentioned that pathway B favors the formation of 1,2,3,5-TFBover 1,2,4,5-
TFB. This is based on the delocalization of the radical center in the six-membered ring. In
the precursor to 1,2,3,5-TFB the radical is spread out over three carbons with attached
fluorines. As fluorine is capable of stabilizing a radical centeron an adjacent carbon, this
would be energetically favorable over the route to 1,2,4,5-TFB which has only two such
carbons (Scheme 2.6). This is reflected in the product ratios. Triethylaminegave almost
double the amount of 1,2,3,5-TFB as compared to quinuclidine and DABCO, indicatinga
more important role for pathway B. The overall mechanistic picture to product formation is
likely to be one where all three electron transfer agents form products through pathway A,
but triethylamine also has a contribution from pathway B.44
Experimental
Materials
Pentafluorobenzene (Janssen Chimica, 98%), dodecane (Aldrich, 99%), DABCO
(Aldrich, 98%) and quinuclidine (Aldrich, 97%) were used as received without further
purification. The acetonitrile and pentane solvents (Mallinckrodt ChromAR HPLC grade)
were purchased and used directly. The fumaronitrile (Aldrich, 98%) and isoprene (Aldrich,
99%) used in the triplet quenching studies were used as received. Absorptionspectroscopy
was conducted in absolute ethyl alcohol from Aaper alcohol and Chemical Co. The 9,10-
diphenylanthracene used in the fluorescence quenching was obtained from Aldrich (99%) and
used as received. For actinometry solutions, cyclopentanonewas purchased from Aldrich
(99%) and used directly.
Irradiations
For solid reagents (DABCO and quinuclidine), concentrated stock solutions in
acetonitrile were prepared. Sample solutions were made by pipetting the correctamount of
desired reagent into a volumetric flask and filling to the mark with acetonitrile. Each sample
contained 0.050 M pentafluorobenzene (PFB) and 6.50E-4 M dodecane (usedas an internal
standard for gas chromatography). Using this method, the following solutionswere made:
Triethylamine: 1.00E-4, 1.30E-4, 2.00E-4, 3.90E-4 and 1.00E-2 M; DABCO:1.00E-4,
1.30E-4, 2.00E-4, 3.80E-4 and 5.00E-3 M; and quinuclidine: 5.00E-3, 6.70E-3, 1.00E-2,45
1.50E-2 and 2.00E-2 M. From these stock solutions 1 mL samples were pipetted into quartz
irradiation tubes fitted with a teflon and glass vacuum sealable top.Each sample was
degassed by 5 freeze/pump/thaw cycles (mercury diffusion pump,5.00E-4 ton vacuum) and
photolyzed immediately. Photolysis was conducted in a Rayonet merry-go-round reactor (The
Southern New England Co.) fitted with eight 254 nm low pressure mercury arc lamps that
had been warmed up for at least one hour prior to use. During the photolysis an overhead
fan was placed on top of the reactor to maintain an internal temperature of 25-26°C. To
insure cessation of reaction, each sample was placed in the dark for at least two hours after
removal from the reactor. Actinometry was performed using cyclopentanone in pentane and
established procedure (Appendix E).37 Final actinometer solutions contained 2.000 M
cyclopentanone and 1.270E-3 M dodecane for an internal standard. For photolysis, 1 mL
samples were placed into quartz irradiation tubes and degassed by several freeze / pump /
thaw cycles to insure the elimination of oxygen.
Triplet quenching
Fumaronitrile (NCCH=CHCN) solutions in acetonitrile, each containing 6.500E-4 M
dodecane as an internal standard and 0.2000 M pentafluorobenzene, were made in the
following concentrations: 0.5000, 0.4000, 0.3000, 0.2000 and 0.1000 M. Duplicate 3 mL
samples of each were placed into quartz irradiation tubes and degassed by 4 freeze /pump /
thaw cycles (mercury diffusion pump, 1.00E-4 ton vacuum). Actinometer solutionswere
prepared as described above.46
Fluorescence quenching
A standard solution of 4.970E-7 M 9,10-diphenylanthracene in absolute ethanolwas
used. Sample solutions of pentafluorobenzene in absolute ethanol were made in the following
concentrations: 5.000E-7, 4.000E-7, 3.000E-7, 2.000E-7 and 1.000E-7 M. Sampleswere
placed in a quartz cuvette. The luminescence spectra were gathered bya Perkin-Elmer
LS50B Luminescence Spectrometer. Nitrogen gas was bubbled through each sample for 10
min before data collection to ensure minimization of oxygen concentration. Theparameters
for the standard were set at an excitation of 332 nm and emmision slits of 7.5, 5.0 and 2.5.
The operating parameters for sample solutions were 254 nm excitation and emmision slits of
7.5 and 5.0.The fluorescence quantum yield can then be measured by the following
relationship:
F2 Q2 areal102c2143214°2 (0 .D .of1)
F
1Q1areal101c1414 3, 1(0 .D .of2)
where the area is taken from the integration of the fluorescence spectra. Rearranging this
equation gives:
area2 lc ic1),
areal E2C2
where values relating to the number 2 would be sample values and those relatingto the
number 1 for standard or reference.47
Gas Chromatography Analysis
Initially, materials were identified by co-injection with authentic samples. Upon
completion of irradiation, the product yield was determined by capillary gas chromatography
using a Varian 3400 or 3300 gas chromatograph coupled to a Hewlett-Packard Chemstation
personal computer. For pentafluorobenzene samples a Carbowax capillary column (30 m)
purchased from Alltech Associates was used.Injections were made with a helium head
pressure of 10 psi and an injection port temperature of 250 °C and detector temperature of
300 °C. The column was held at an initial temperature of 50 °C for 10 min, then ramped at
50 °C / min to 250 °C. The final temperature was held for 2 min. Actinometer solutions
were analyzed on a cyanopropylphenyl dimethylpolysiloxane capillary column (DB 624 30 m)
purchased from Alltech Associates Inc. For the actinometer an initial temperature of 40 °C
was held for 10 min, then ramped at 20 °C / min to a final temperature of 240 °C with a hold
time at 240 °C of 5 min.The injector and detector temperatures, as well as the head
pressure, were the same as listed above.Quantitative product analysis was done by
measuring the areas of both the product peaks and that of the internal standard. By using a
response factor curve (area of product / area of internal standard vs. concentration of product
/ concentration of internal standard) and the linear equation of a line (y=mx+b) the following
relationship can be obtained: (areaproduct)/(areastandard) = m([product]/[standard]). Rearranging
this formula will allow the calculation of the product concentration:
[product]=m(areastandard)/[standard](areaproduct).48
U. V. visible spectroscopy
The molar absorption coefficients for pentafluorbenzene, quinuclidine, DABCO and
cyclopentanone were obtained by plotting absorbance vs. concentration for each (Appendix
D).The absorbance was measured on a Hewlett Packard HP 8451A Diode Array
Spectrophotometer. By definition, absorbance = Ecl (Beers law) where E = molar absorption
in dm3 / (cm)(mol), c = concentration in mol / dm3 and 1= path length incm. Therefore a
plot of absorbance vs. concentration should yield a linear relationship witha slope equal to
(OW. From this the molar absorption coefficient can easily be solved for. See appendix E
for the molar absorptions of the chemicals used in this study.49
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Chapter 3
Mechanistic studies of the formation of o-terphenyl:
The rearrangement of 4,4-Diphenylcyclohexa-2,5-dienylidene.
James K. Pugh and Peter K. Freeman*
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Abstract
PyrolyticdecompostitionoftheLisaltofthetosylhydrazoneof
4, 4- diphenyl -2,5- cyclohexadienone produces a mixture of products which includes biphenyl,
p-terphenyl, the azine of 4, 4- diphenyl -2,5- cyclohexadienone and o-terphenyl.13C labeling
studies and semi-empirical AM1 molecular orbital calculations elucidate the mechanistic
pathway for the formation of o-terphenyl. A single mechanism is involved which proceeds
through formation of a isobenzene species followed by subsequent phenyl and hydrogen
migrations.54
Introduction and Background
The photochemistry of the cyclohexadienone chromophore has been known forsome
time.' Early work focused on the photochemical rearrangement of the sesquiterpenea-
Santonin and its route to product formation.' This led to a decade of intensive studieson the
2,5-cyclohexadienone system during the 1960's that elucidated the mechanistic pathway for
rearrangement.' Evidence has been developed fora sequence of steps that is formally
represented by a [7,2. + ,i2a1 reaction.' The mechanism includesa zwitterionic intermediate
as outlined by Scheme 3.1.
R R
1
ho__
2 3
Scheme 3.1: The photochemical rearrangement of
a cyclohexadienone chromophore.
With this broad background of the photochemical rearrangement in place, itwas
logical to investigate the carbene analog. If a singlet carbenewere generated that contained
the electron pair in the sigma orbital, then the same rearrangement might welloccur. Carbene
4 could undergo an allylcarbinyl-cyclopropylcarbinyl rearrangement togenerate zwitterion
5. A 1,4 sigmatropic shift would then produce bicyclic bivalent 6as given in Scheme 3.2.4 5
Ph
Ph
Scheme 3.2: Proposed cyclohexadienylidene rearrangement.
6
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Previouslyourlaboratoryhasinvestigatedcarbenerearrangementson
4,4-Diphenylcyclohexa-2,5-dienylidene (4).5 Thermal degradation of the tosyihydrazone of
ketone 7 gave seven products. Five of the products could be identified andare shown in
Scheme 3.3.
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Scheme 3.3: Degradation products from 4,4-
diphenylcyclohexadienone tosylhydrazone.56
This work focuses on the mechanistic formation of o-terphenyl (12), the major
monomeric product from 4,4-diphenylcyclohexadienone tosylhydrazone decomposition. This
product is unique to the di-aryl substituted cyclohexadienylidene intermediates for no ortho
products were isolated from analogous 4,4-dialkylcyclohexadienylidenes.6 It is known that
the photochemistry of 4,4-diphenylcyclohexadienones can lead to similar products via a
carbocation intermediate followed by a phenyl migration.' If there were a proton source
available during the tosylhydrazone degradation, a carbocation could form to providea route
to o-terphenyl formation. To test the sensitivity of the decomposition to protic impurities,
tosylhydrazone 8 was converted to its sodium salt with sodium hydride and photolyzed in
THE in the presence of one equivalent of deuterium oxide.' No deuterium was found to be
incorporated into the o-terphenyl. This provides evidence that the o-terphenyl is formed via
a carbene rearrangement and not through a carbocation intermediate.
A first thought was to consider the formation of o-terphenyl based on monodeuterated
diphenylcyclohexadienylidene (14).5 Using this experimental approach, three alternative
mechanisticschemeswereevaluated. Ourcurrentinvestigationutilizes
diphenylcyclohexadienylidene with a 13C enhancement at the carbonyl carbon (15).
PhPh PhPh
14 1557
The following mechanistic schemes follow the path of both the deuterium and the
enhanced carbon. Scheme 3.4 is based upon the photochemical analogy andstarts with the
rearrangement of monodeuterio diphenylcyclohexadienylidene (4a) to bicyclic carbene 6a
(6b). A cyclopropylcarbinyl to allylcarbinyl ring cleavage produces 16a (16b). A 1,2-phenyl
shift generates carbene 17a (17b). Hydrogen (deuterium) migration leadsto o-terphenyl with
equal proportions of 12a and 12b. In this mechanistic schemea '3C label would be at position
3 of the central benzene ring.
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Scheme 3.4: A route to o-terphenyl formation that places the '3C
enhanced carbon at position three of the central ring.58
Alternatively, bicyclic carbene 6a (6b) could undergo a 1,4 suprafacial alkyl shift to
produce 18a (18b). Cyclopropylcarbinyl to allylcarbinyl cleavage would generate carbene
19a (19b) (Scheme 3.5). Phenyl migration from either would result in o-terphenyl with the
deuterium label solely in the ortho position (12b). The 13C label in this example would be
located at position 1 of the center ring. Both the alkyl shift (6-18) and the 1,2 phenyl
migration have literature precedence.8
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Scheme 3.5: A route to o-terphenyl formation that places the BC enhanced
carbon at position one of the central ring.59
The third and final rearrangement is based upon results from Dannenberg and Gross
who found that carbenoid decomposition of a 3,4,4-trialkylcyclohexanone tosylhydrazone led
to isomeric aromatic products.' Their mechanstic pathway for the formation of one of the
isomers starts with a zwitterion intermediate followed by subsequent alkyl and hydrogen
migrations. Following this example, in Scheme 3.6 there are consecutive phenyl and hydrogen
H1
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Scheme 3.6: A route to o-terphenyl formation that places the
'3C enhanced carbon at position two of the central ring.60
migrations to generate carbene 20a (20b). In the final step, carbene 20a would be expected
to exhibit more facile migration of the hydrogen over deuterium based upon the deuterium
isotope effect (kH/kD should be in the range of 1.01.5).' Allowing for the isotope effect,
this mechanism would lead to a ratio of 12a to 12b of 70-75:25-30. There can be a further
complication to mechanistic Scheme 3.6, and this is the possibility of another resonance
structure as outlined in Scheme 3.7. Scheme 3.7 only covers the pathway for the left hand
side of Scheme 3.6, but if applied to both sides of Scheme 3.6 the overall ratio of 12a to 12b
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Scheme 3.7: Alternate resonance form for Scheme 3.661
would be 59-62.5:37.5-41, which is still an excess of 12a. The pathway in Scheme 3.7
should be less favored for two reasons. The first being the initial resonance form has a greater
separation of charge and therefore should be less stable. The second is that three hydrogen
migrations are required, rather than just one as outlined in Scheme 3.6. In both Schemes, the
'3C label would end up at position 2 of the central ring. The experimental results from the
deuterated study gave a product ratio of 31±8.8:69±8.8 of 12a to 12b. Based on these
results none of the proposed mechanistic schemes (3.4, 3.5 and 3.6) could alone account for
the observed product ratio. At best it could be a combination of different pathways.' There
are, however, some points of concern in the deuterated experiment. The first is the low
incorporation of deuterium in the experimental sample (42%). This left a large amount of
non-deuterated o-terphenyl that complicated the 13C NMR analysis. The '3C NMR chemical
shift assignments of o-terphenyl were made by using tabulated data for substituent effects on
benzene' and by the effect of deuterium at known positions.' Experimentally the
incorporation of the deuterium at C3' and C4' led to a splitting of the 13C signals at 130.5 (C3',
C6') and 127.4 (C4', C5') ppm leaving four signals at 130.5, 130.4, 127.4 and 127.3ppm
(Scheme 3.8)
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Scheme 3.8: Carbon assignments for deuterated and
non-deuterated o-terphenyl.62
The relative integrations of the peaks gives a rough indication of the deuterium
present. Mathematically, however, it is very difficult to assign the mechanistic picture based
on these values. A major point of concern is in the theoretical pattern of peak areas that
would be observed for each of the mechanistic schemes (Table 3.1).
Table 3.1: Theoretical Intensities of 13C NMR Peaks in the Deuterated Experiment
Chemical Shift and Relative peak height as compared to unlabeled 130.5 ppm signal
Source of Signal
Scheme 3.4 Scheme 3.5 Scheme 3.6 Experimental
130.5 ppm 79% 79% 79% 79%
C3', C6' of 12
C6' of 12a
C6' of 12b
130.4 ppm 10.5% 0% 14.7 - 15.8%a 4.7 - 8.4%b
C3' of 12a
127.4 ppm 68.5% 79% 64.3 - 63.3%a 74.3 - 70.6 %b
C4', C5' of 12
C5' of 12b
127.3 ppm 21% 21% 21% 21%
C5' of 12a
C4' of 12b
a) Data range based on kinetic isotope effect (1.0- 1.5)
b) Experimental data range based upon value ± 8.8%
This reassessment of the deuterium labeling experiment reveals that only Scheme 3.5
can be ruled out completely because the mono-deuterated product 12b would not give a
signal at 130.4 ppm. Both schemes 3.4 and 3.6 would theoretically give 13C NMRspectra
that are virtually identical. With this in mind, we decided thata 13C labeling study would clear
up the mechanistic picture without ambiguity.63
Synthesis of "C enhanced diphenylcyclohexadienylidene
Our first route to incorporate the 13C label was to utilize acetic-1-13C-acidas the
synthetic precursor, convert this to an acid chloride, then use Stille coupling" with
tetravinyltin to synthesize methyl vinyl ketone. All attempts at this reactionsequence led to
extremely low or no yields of desired product. Other methods also basedon the acid chloride
(cuprate addition, MnI2 coupling and Grignard reagent chemistry) were unsuccessful. We
next focused our attention on the use of a Mannich base product from the reaction of
diethylamine hydrochloride, acetone and paraformaldehyde. By using acetone-2-13C diluted
with reagent grade acetone, diethylamino-2-butanone (21)was synthesized in 60% yield with
a 6.63% "C enhancement at the carbonyl carbon (Scheme 3.9). Adding one equivalent of
iodomethane yielded the methiodide of diethylamino-2-butanone (22). Diphenylacetaldehyde,
the methiodide and base were combined to form the Robinson annulation product
4,4-diphenylcyclohex-2-enone (23) in 60% yield.At this point a "C NMR spectra was
obtained to insure that the partial label had been incorporated at the carbonyl carbon. The
carbonyl resonance at 198.92 ppm did show nice enhancement.
To introduce the second double bond an a-phenylseleno ketonewas synthesized
followed by hydrogen peroxide elimination, but again low yields preventedus from using this
method. Instead, heating 23 at reflux in the prescence of isopropenyl acetate formed the enol
acetate (24) in 44% yield. Typical yields from this reaction are 60-80%, but unfortunately
a slight excess of heat upon workup caused reversion to starting material and subsequent
repetition of the syntheticstep.Bromine was added to the enolacetate give) cik
L H+ )*+Et2NHHCI + Et2N
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H HA 12hrs.
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Scheme 3.9: The synthetic pathway to '3C enriched 4,4-
Diphenylcyclohexadienylidene.
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6-bromo-4,4-diphenycyclohex-2-enone (25) in 89% yield. Dehydrohalogenation followedto
yield 4, 4- diphenyl- 2,5- cyclohexadienone (26) which was converted to the tosylhydrazone (27)
byaddingtosylhydrazine.Theyieldwas65%forthetwosteps.
4,4-Diphenylcyclohexadienylidene (4) was generated by first converting to the lithium salt
with methyllithium then heating to 180° C.After the thermal degradation of the65
tosylhydrazone, o-terphenyl was isolated by a combination of silica gel chromatography and
preparative gas chromatography.
Results and discussion
Semi-empirical AM1 calculations were carried out on the entities in each
rearrangement pathway (Scheme 3.10). Given in this scheme are the AH°f values in kcal/mol.
The competition would be between a skeletal rearrangement toa bicyclocarbenoid species
(Schemes 3.4 and 3.5) and a 1,2 phenyl migration (Scheme 3.6).If one looks at the
thermodynamic picture a clear pathway leading to 20 is supported. This intermediate lies
43.24 kcal/mol below 6 and 18.90 kcal/mol below initial carbene 4. The pathway from 4to
6 is endothermic by 24.34 kcal/mol. These results strongly suggest that the favored product
would be that formed from an initial phenyl migrationas outlined in Scheme 3.6. These
computational results are also in agreement with the experimental analysis.Figures 3.1 and
3.2 show the 13C NMR of standard o-terphenyl and our 13C enriched o-terphenyl formed in
the pyrolysis of the lithium salt of 27.
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Scheme 3.10: The energetic and geometric results of AM1 semi-empirical calculations.140 131 136 137 330 179
Figure 3.1: 13C NMR spectra of o-terphenyl standard.
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Figure 3.2: 13C NMR spectra of 13C enriched o-terphenyl.
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To gain an idea of the normal relative peak size, the 13C spectra of seven standard
solutions of o-terphenyl (1M soln in CDC13) were obtained. Table 3.2 shows the relative peak
size as measured against the peak at 127.85 ppm for both normal and '3C enriched
o-terphenyl.
Table 3.2: Relative Intensities of13C NMR Peaks.
Chemical Shift' Relative peak size for
standard o- terphenyl2
Relative peak size for 13C
enhanced o- terphenyl2
126.44 0.534 ± 0.032 0.562
127.47 0.496 ± 0.049 2.081
127.85 1.000 1.000
129.89 1.221 ± 0.149 0.963
130.59 0.551 ± 0.045 0.507
140.59 0.198 ± 0.050 0.117
141.53 0.211 ± 0.010 0.129
1) Measured in ppm relative to TMS.
2) Relative to the peak at 127.85 ppm.
As can be seen from the '3C spectra on partially labeled o-terphenyl, only the peak at
127.47 ppm. shows clear enhancement of the signal. This corresponds to enriched C4' and
C5'. If scheme 3.4 were in effect the 13C label would be located at C3' and C6'. Likewise,
scheme 3.5 would have given enhancement at CP and C2'. Basedon our current results, the
only pathway in operation would be Scheme 3.6.This also matches the thermodynamic68
picture of the AM1 calculations. With these new findings in hand,we have clear evidence to
support the mechanism of Scheme 3.6, free of the ambiguity of the deuterium study.
Computational Details
Geometry optimizations and transition structureswere obtained using AM1
semi-empirical calculations° in the Spartan 4.1.1 suite of programs." Oncestructures had
converged, frequency calculations15 at the same level of theorywere done to insure each
molecule was an energy minimum.
Experimental
General Methods
Melting points were obtained by a Mel-Temp II (Laboratory Devices- USA) melting point
apparatus.All 11-I-NMR spectra were run on a Broker ac300spectrometer.Refractive
indices were obtained by a Carl Zeiss 32992 refractometer. Solventswere purchased from
Mallinckrodt Chemical and Fischer Scientific and used without further purification.Reagent
grade chemicals were purchased from Aldrich Chemical. FABmass spectrometry was
conducted on a Kratos MS50 mass spectrometer (Manchestor, U.K.).
2-13C-4-Diethylamino-2-butanone (21): The procedure of Wilds, Nowakand McCaleb was
followed.' Diethylamine hydrochloride (22.00g, 200 mmol), paraformaldehyde (8.400 g,69
280 mmol), acetone (70 mL),methyl alcohol (10 mL), 35% HCl (0.25 mL) and
acetone-223C (4.00 g, 67.72 mmol)were added to an oven dried 250 mL round bottom flask
fitted with a reflux condenser and magnetic stir bar. The mixturewas heated for 12 h in a 70
°C oil bath at which time a light-yellow solution remained. The mixturewas allowed to cool
to room temperature. Fresh sodium hydroxide solution (8.2g, 5.4 M in H20, 205 mmol) was
prepared and cooled in a refrigerator. The yellow reaction solutionwas transferred to a
separatory funnel, and the cold base was added. Et20 (25 mL)was added and the two layers
separated. The aqueous layer was extracted with Et20 (2x 25 mL). The combined ether
extracts were washed with saturated sodium chloride solution (2x 20 mL). The combined
aqueous layers were washed with Et20 (2 x 20 mL); then combined ether layerswere dried
for 1 h over sodium sulfate. The final solutionwas filtered and concentrated using a rotary
evaporator. Final purification was done by reducedpressure spinning band distillation (12.5
torr, 18" x 3/8" column with jacket heated to 50-60 °C). The productwas collected as a
light yellow to colorless liquid (17.06g, 60%): b.p. 72-75 °C @ 12.5 torr; nD24 = 1.4300; 111-1
NMR (300 MHz, CDC13) 8 2.69 (t, 2H, J=7.45 Hz.), 2.52 (t,2H, J=7.23 Hz.), 2.45 (q, 4H,
J=7.15 Hz.), 2.11 (s, 3H), 0.96 (t, 6H, J=7.15 Hz.).
2-'C-4-diethylamino-2-butanonemethiodide(22): Freshlydistilled
2-13C-4-diethylamino-2-butanone (17.06g, 119.1 mmol) was placed in a 50 mL round-bottom
flask. The flask was fitted witha pressure equalizing dropping funnel and nitrogen inlet, then
cooled to 0 °C in an ice bath. Methyl iodide (17.06g, 120.2 mmol) was added to the
dropping funnel and dripped into the amine slowlyover the course of 30 min. CAUTION:70
this is an extremely exothermic reaction. The methyl iodide should be added slowly. After
complete addition the mixture was allowed to sit for 2 h in the ice bath, then an additional 2
h in a 0 °C refrigerator.Upon removal, the semi-crystalline methiodide was washed with
cold Et20 (10 mL) and the Et20 decanted. The Et20 wash was repeated (2 x 10 mL). The
methiodide was dissolved in Me0H (50 mL) and stored under nitrogen.No further
purification was attempted.
1-'3C-4,4-diphenylcyclohex-2-enone(23):The generalprocedureof Johnson,
Szmuszkovicz, Rogier, Had ler and Wynberg was followed.' A magnetic stirbar and Me0H
(100 mL) were added to a 500 mL round-bottom flask. Sodium metal (4.11 g, 178.7 mmol)
was slowly added to the flask, after which time the flask was fitted with a pressure-equalizing
dropping funnel and nitrogen bubbler and cooled in an ice bath. CAUTION: addition of the
sodium too fast can lead to a very rigorous reaction.After the sodium was dissolved
diphenylacetaldehyde (23.55 g, 120.0 mmol) in benzene (100 mL) was placed in the dropping
funnel and added quickly to the sodium methoxide solution. The dropping funnelwas then
charged with the cold methiodide (22) prepared from diethylamino-2-butanone (17.06g,
0.119.1 mmol) as described above. The methiodide was added over a period of 120 min.
Stirring was continued for 2 h at ice bath temperatures. The ice bathwas replaced by an oil
bath and the mixture heated at reflux for 90 min. The resultantorange mixture was cooled
to room temperature and transferred to a separatory funnel. Ten percent HC1 solution was
added until the aqueous layer was no longer basic to litmuspaper. Cold H2O (50 mL) was
added, and the two layers separated. The aqueous layer was extracted with cold Et20 (3x71
90 mL). Combined organic layers were extracted once with saturated sodium chloride
solution.Finally combined aqueous layers were washed once with ether (90 mL). The
organic layers were combined and dried over sodium sulfate. The solventwas removed by
rotary evaporation, and an orange oil was collected. Upon cooling to room temperature,
crystals started to form in the oil.Cold EtOH was added and immediately light-yellow
crystals started to form. The solution was gently warmed, then cooled ina 0 °C refrigerator
for three h. Crystals were collected by vacuum filtration, and dried in theopen air for 24 h.
Cyclohex-2-enone 23 (17.75 g, 60%) was obtained: mp 90- 91 °C;NMR (300 MHz,
CDCI3), S 7.29 (m, 11H), 6.21 (d, 1H, J=10.26 Hz), 2.71 (t, 2H, J=6.48 Hz.), 2.42 (t,2H,
J=6.36 Hz).
2-'3C-5,5-Dipheny1-2-acetoxy-1,3-cyclohexadiene (24): The procedure of Moffett and
Weisblat was followed." 1-'3C-4,4-diphenylcyclohex-2-enone (23) (17.5g, 70 mmol),
p-toluenesulphonic acid monohydrate (0.9 g, 4.73 mmol), and isopropenylacetate (70 mL)
were placed in a 500 mL round bottom flask.The flask was fitted with a single piece
distillation apparatus and placed in an oil bath. The solutionwas slowly distilled (oil bath
temperature of 115 °C) for 10 h, with periodic replacement of the isopropenyl acetate. The
dark- amber solution left in the pot was allowed to cool toroom temp and left overnight.
Solid NaHCO3 (5.50 g, 66 mmol) was added to the mixture with stirring; then thesolution
was transferred to a separatory funnel. The flask was washed with Et20 and ice water, both
of which were added to the separatory funnel. The two phase mixturewas separated, and the
aqueous layer was washed with Et20. The combined Et20 extracts were then washed with72
saturated NaC1 solution.The combined aqueous layers were washed with Et20.The
combined organic layers were then dried briefly over sodium sulfate, filtered byvacuum
filtration then concentrated by rotary evaporation (50 °C, 10 ton). The solutionwas
transferred to a beaker, the flask was washed with EtOH and the wash added to the beaker.
The resultant amber mixture was allowed to cool toroom temp, and more EtOH ( 50 mL)
was added. The material was placed in a refrigerator for two h. Crystallization was induced
by scratching with a glass stirring rod. The light tan crystalswere collected by vacuum
filtration and dried in a vacuum oven for 2 h (-10 ton, 50 °C).NMR analysis showed
about a 50/50 mixture of starting material (23) to product (24). At this time the crystalswere
collected and placed in a round bottom flask. The isopropenyl acetate reactionwas run a
second time as above. The amber reaction mixture was allowed to cool toroom temp, then
concentrated in vacuo (-3 ton) to a volume of about 50 mL. Excess isopropenylacetate was
then removed carefully in vacuo at temperatures not exceeding 30 °C until crystals started
to form. The mixture was then transferred to a beaker, and cold Et20was added. The final
solution was placed in a refrigerator for three h at which time the crystalswere collected by
vacuum filtration and dried. 'H NMR showed complete conversion to product. The enol
acetate 24 was collected as off-white crystals (8.93 g, 44%): mp 102-105 °C;NMR (300
MHz, CDC13), 87.25 (m, 11H), 6.34 (d, 1H, J=10.07 Hz.), 5.90 (dd, 1H, J=2.11, 10.18
Hz.), 5.50 (dt, 1H, J=1.99, 4.63 Hz.), 3.01 (d, 2H, J=4.65 Hz.), 2.11 (s, 3H).
1-13C-6-Bromo-4,4diphenylcydohex-2-enone (25): A modified procedure of Zimmerman,
Hackett, Juers, McCall, and Schroder was followed.°73
5, 5- Diphenyl- 2- acetoxy -1,3- cyclohexadiene (24) (8.24 g, 29 mmol)was placed in a 250 mL
round bottom flask. To this was added CC14 (50 mL) and the flask fitted witha magnetic
stirrer and pressure equalizing dropping funnel. The flask was then cooled inan ice bath.
Cold bromine (1.5 mL, 31 mmol) was added dropwise to the mixtureover the course of 60
min. The solution was stirred at 0 °C for 3 h. Upon removal, the dark yellow mixturewas
washed with saturated sodium bicarbonate solution (60 mL). The two layerswere separated,
and the aqueous layer was washed with Et20 (2 x 50 mL). The combined organic layerswere
dried over sodium sulfate for 30 min.The solution was filtered by vacuum filtration, then
concentrated by rotary evaporation to a dark yellow oil. The oilwas stirred with ether, then
placed in a 0 °C refrigerator. Crystallization was induced by scratching the surface of the
beaker with a glass stir rod. The material was left in the refrigerator overnight. Upon
removal, the off white crystals were collected via vacuum filtration and dried. a-Bromo
ketone 25 was obtained (8.33 g, 89%): mp 102-105 °C; 'H NMR (300 MHz, CDC13), 8
7.27 (m, 10H); 6.32 (d, 1H, J=10.18 Hz), 4.71 (dd, 1H, J=13.52, 4.69 Hz), 3.26 (ddd, 1H,
J= 13.20, 4.70, 2.34 Hz), 3.17 (t, 1H, J=13.46 Hz).
1-PC-4,4-dipheny1-2,5-cyclohexadienone (26): The procedure of Zimmerman, Hackett,
Juers, McCall, and Schroder was followed."6-Bromo-4,4-diphenylcyclohex-2-enone,
(25)(5.60 g, 17.1 mmol), lithium carbonate (4.36g, 59 mmol), lithium bromide (4.95 g, 57
mmol) and dimethylformamide (50 mL) were placed ina 200 mL round-bottom flask. A
magnetic stir bar was added, and the flask fitted witha reflux condensor and nitrogen bubbler.
The solution was heated to 170 °C with an oil bath and stirred at reflux for 11 h under74
nitrogen in a darkened hood. After the mixture cooled, a white solid was observed in the
bottom of the flask. The dark amber solution was filtered by vacuum filtration to remove the
inorganic salts. It was heated with a warm water bath and concentrated in vacuo. The thick
amber residue was mixed with Et20. Immediately crystals formed. Thesewere dissolved by
the addition of Me0H. The solution was transferred to a separatory funnel,more Et20 was
added, and the solution washed with H2O. The layers were separated and the organic layer
was washed with saturated sodium chloride. The combined aqueous layers were washed with
Et20 then with benzene. The combined organic layers were dried over sodium sulfate,
concentrated by rotary evaporation, and crystallized from EtOH. Dienone 26was collected
as light brown crystals (3.20 g, 76%): mp 122-124 °C;NMR (300 MHz, CDC13) 8 7.30
(m, 12H), 6.34 (d, 2H, J=10.20 Hz.).
4, 4- Diphenyl -2,5- cyclohexadienone Tosylhydrazone (27):
p- Toluenesulfonhydrazide (2.23 g, 12 mmol), 1-13C-4,4-Dipheny1-2,5-cyclohexadienone (26)
(2.95 g, 12 mmol) and a magnetic stirbar were placed ina 100 mL round-bottom flask.
Me0H (50 mL) was added and the solution heated at reflux (70 °C oil bath) for 4 h. The
mixture was allowed to cool to room temperature, then placed ina 0 °C refrigerator
overnight. Upon removal light-yellow crystals had formed. Tosylhydrazone 27was obtained
(4.24 g, 85%): mp 139-140 °C; 1H NMR (300 MHz, CDC13), 8 7.87 (d, 2H, J=8.18 Hz.),
7.23 (m, 12H), 6.74 (dd, 1H, J=10.29, 2.26 Hz.), 6.54 (dd, 1H, j=10.29, 1.59 Hz.), 6.47
(dd, 1H, J=10.19, 2.29 Hz.), 6.39 (dd, 1H, J=10.18, 2.07 Hz.), 2.42 (s, 3H). 13C NMR (100
MHz, CDC13) S 146.2, 144.2, 143.9, 140.6, 135.3, 129.7, 128.7, 128.1, 127.9, 127.1, 124.4,75
113.4, 53.8, 21.6. Imine carbon (146.2 ppm) is 3.98 x enhanced relative to normal signal.
FAB mass spectrometry: 13C enhancement is 6.55 ± 0.98%.
Decomposition of the Lithium salt of 1-13C- 4,4-Dipheny1-2,5-cyclohexadienone
Tosylhydrazone (27): The title tosylhydrazone (27) (0.94 g, 2.27 mmol), THE (20 mL) and
a magnetic stir bar were placed in a 100 mL three-neck, round-bottom flask. The flask was
fitted with a nitrogen inlet, septum and glass stopper. The nitrogen flow was started and the
stirring was turned on. Upon mixing, the tosylhydrazone (27) dissolved and a light yellow
solution remained. The solution allowed to stir for 30 min. A 5 cc Leur tip syringe was
flushed with dry nitrogen and used to transfer 2 mL of methyllithium (1.4 M in Et20, 2.8
mmol) to the round bottom flask. After about 1 min, the yellow solution became cloudy and
a white precipitate started to form. After five min of stirring, additional methyllithium (0.2
mL) was added. A deep gold color appeared at the top of the mixture showing evidence of
dianion formation. The mixture was then stirred for 2 h. At that time the flask was opened
and the THE blown out with a stream of dry nitrogen. The rest of the THE was removed by
pumping on the flask for two h at 0.8 ton. A white solid coating was left on the walls and
bottom of the flask. This was gently scraped off the sides with a micro spatula and broken
up into smaller pieces. A glass decomposition apparatus was then set up consisting of the
original round bottom flask fitted with a gas outlet and two ground glass stoppers. The gas
outlet was fitted with a 8" length of Tygon tubing that was attached to a glass trap cooled in
dry ice/ethyl alcohol. Another 8" length of tygon tubing was attached from the first trap to
a second. An outlet tube from the second trap was attached to a mineral oil bubbler. The76
round-bottom flask was placed in an oil bath and the lithium salt was heated to 175 ° C.
Nitrogen evolution was observed at about 130 °C and was complete by 140 °C. The material
was heated at 175 °C for ten minutes, then the oil bath was removed and the brown-orange
residue allowed to cool to room temperature. Chloroform (50 mL) was added first to the
flask then transferred to a separatory funnel. The chloroform layer was washed with water
(3 x 60 mL). The aqueous layer was washed with chloroform (1 x 50 mL). The combined
chloroform layers were washed with saturated NaC1 (1 x 50 mL) then dried overnight over
sodium sulfate.The dark orange solution was then filtered by vacuum filtration then
concentrated by rotary evaporation. A dark orange oil (0.72 g) was collected.
Separation and Analysis of o-Terphenyl (12):The oil from the tosylhydrazone
decomposition was brought up in dichloromethane (2 mL) then chromatographed using flash
chromatography techniques" on a 2.5 cm diameterx 20 cm silica gel column (Aldrich
chemical silica gel, Merck, grade 60, 70-230 mesh, 60 A) eluting with dichloromethane until
19 25 mL fractions had been collected. The final polar band was eluted from the column with
Me0H.Analytical thin-layer chromatography (TLC) of each fraction using Spectrum
precoated silica gel 60 F254 and dichloromethane solvent gave the appearance of four bands
in fractions 3,4 and 5 (Rf values 0.20, 0.37, 0.49 and 0.80 respectively), one band in fractions
6 - 12 (Rf 0.20), and one band in fractions 13 -15 (Rf 0.00). The last four fractions contained
the polar residue from the Me0H wash. Capillary gas chromatography (Varian instruments
3400 gas chromatograph fitted with a SE-54 30m capillary column; initial temp 140 °C for
1 min then ramped at 10 °C / min to 240 °C and held for 10 min, He carrier gas- head77
pressure 10 psi) was used to identify some of the products in the silica gel fractions.
o-Terphenyl, p-terphenyl and biphenyl were identified as three of the six major peaks in
fractions 3-5 by co-injection with known standards and comparison of retention times
(10.280, 13.940 and 4.774 min respectively). o-Terphenyl was separated by preparative gas
chromatography (Varian 3700 gas chromatograph fitted with a 3/8" 10% OV-17 + 10%
SE-30 on Chromosorb W 45/60 mesh - 3 meter column, He carrier gas- 40 ml/min) by
collecting the peak at retention time 7.30 min with a glass collection tube cooled in dry
ice/isopropanol. The o-terphenyl was washed from the collection tube with a small amount
of dichloromethane then analyzed via capillary G.C. as described above. The impurities in
each sample were held at 10% or below.If the amount was greater, the mixture was
separated via preparative G.C. again. The separation was complicated by the fact that there
was an impurity that co-eluted at almost the exact retention time as o-terphenyl.This
impurity was minimized by collecting only the front portion of the o-terphenyl peak. Final 13C
NMR (100 MHz, CDC13) spectra was gathered by a Briiker am400 spectrometer fitted with
a Nalorac 3mm microprobe. 13C NMR: 8 141.5, 140.6, 130.6, 129.9, 127.9, 127.5, 126.4.
Aromatic carbon 4 of central ring (127.5 ppm) is 4.07 x enhanced relative to normal signal.78
References
1. Schuster, D. I. Acc. Chem. Res., 1978, 11, 65 and refs therein.
2. Barton, D. H. R. J. Chem. Soc., 1958, 3314.
3. a) Zimmerman, H. E. Adv. Photochem. 1963, 1, 183. b) Zimmerman, H. E.; Schuster,
D. J. Am. Chem. Soc. 1961, 83, 4486. c) Zimmerman, H. E.; Crumrine, D. S.; Dopp, D.;
Huyfter, P. S. J. Am. Chem. Soc., 1969, 91, 434. d) Zimmerman, H. E.; Epling, G. A. J.
Am. Chem. Soc., 1972, 94, 7806. e) Schuster, D. I.; Liu, K. C. J. Am. Chem. Soc., 1971,
93, 6711.
4. Woodward, R. B.; Hoffinan, R. The Conservation of Orbital Symmetry, Verlag
Chemie/ Academic, 1970.
5. Freeman, P. K.; Swenson, K. E. Tetrahedron, 1982, 38, 3737.
6. a) Fry, A. J. J. Am. Chem. Soc., 1965, 87, 1816. b) Jones Jr., M.; Harrison, M.; Rettig,
K. R. J. Am. Chem. Soc. 1969, 91, 7462. c) Berdick, R. H.; Levin, R. H.; Wolf, A. D.;
Jones Jr., M. J. Am. Chem. Soc., 1973, 95, 5087. d) Wolf, A. D.; Kane, V. V.; Levin, R.
H.; Jones Jr., M. J. Am. Chem. Soc. 1973, 95, 1680. e) Kane, V. V.; Wolf, A. D.; Jones
Jr., M. J. Am. Chem. Soc. 1974, 96, 2643. f) Jones Jr., M. Acc. Chem. Res. 1974, 7, 415.
7. Zimmerman, H. E.; Schuster, D. I. J. Am. Chem. Soc., 1961, 83, 4486.
8. a) Kirmse, W. Carbene Chemistry 2nd Ed. 1971, Academic Press, New York, NY, pp.
457-462. b) Baron, W. J.; DeCamp, M. R.; Hendrick, M. E.; Jones Jr., M.; Levin, R. H.;
Sohn, M. B. Carbenes, 1973, Wiley, New York, NY, pp. 32-40.
9. Dannenberg, H.; Gross, H. J. Tetrahedron, 1965, 21, 1611.
10. a) Freeman, P. K.; Hardy, T. A.; Balyeat, J. R.; Wescott, Jr., L. D. J. Org. Chem.,
1977, 42, 3356. b) Nickon, A.; Huang, F.; Weglein, R.; Matsuo, K.; Yogi, H. J. Am.
Chem. Soc., 1979, 96, 5264. c) Kirmse, W.; von Schultz, H. D.; Arold, H. Justus Liebigs
Ann. Chem., 1968, 711, 22.
11. Levy, G. C.; Lichter, R. L.; Nelson, G. L. Carbon-13 Nuclear Magnetic Resonance
Spectroscopy, 2' Ed. Wiley Interscience, New York, 1980, pp. 111-112. b) Pretsch;
Clerc; Seibl; Simon Spectral Data for Structure Determination of Organic Compounds,
2nd Ed. Springer-Verlag, Berlin, 1989, pp C120-C125.
12. Stille, J. K. Angell). Chem. Ent. Ed Engl. 1986, 25, 508.
13. Dewar, M. J.; Thiel, W.J. Am. Chem. Soc. 1977, 99, 4499.79
14. Spartan IBM version 4.1.1. Wavefunction, Inc. Irvine, CA, 1991-1997.
15. Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pop le, J. A. Ab Indio Molecular Orbital
Theory, Wiley, New York, NY, 1986.
16. Wilds, A. L.; Nowak, R. M.; Mc Caleb, K. E. Organic Synthesis, Coll. Vol. 4, 1963, p.
281.
17. Johnson, W. S.; Szmuszkovicz, J.; Rogier, E. R.; Had ler, H. I. Wynberg, H. J. Am.
Chem. Soc., 1956, 78, 6285.
18. Moffett, R. B.; Weisblat, D. I.; J. Am. Chem. Soc. 1952, 74, 2183.
19. Zimmerman, H. E.; Hackett, P.; Juers, D. F.; McCall, J. M.; Schroder, B. J. Am.
Chem. Soc., 1971, 93, 3653.
20. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem., 1978, 43, 2923.80
Chapter 4
The Chemistry of 2-Ca rbenabicyclo[3.2.1]octadiene:
An ab-initio Molecular Orbital Study.
James K. Pugh and Peter K. Freeman*
Department of Chemistry, Oregon State University, Corvallis, Oregon 9733181
Abstract
The pathways for conversion of 2-carbenabicyclo[3.2.1]octa-2,6-diene (1), 3-
carbenatetracyclo [3 .3.0.02'8. 04'6] octane (4), and tricyclo [3 .2. 1 ] octa-2,3 6-triene (8) to
common product endo-6-ethynylbicyclo[3.1.0]hex-2-ene (5) were evaluated using density
functional theory at the B3LYP/6-311+G(3df, 2p)//B3LYP/6-31G(d,p) and B3LYP/6-
3 lg(d,p)//B3LYP/6-31G(d,p) levels. A manifold of equilibrating C8H8 species (184)
is found not to be important. Rearrangement of bivalent 1 to product 5 proceeds via a
7,2s+02s+,2scarbenetocarbenerearrangementprocesstogenerateendo-6(2-
carbenavinyl)bicyclo[3.1.0]hex-2-ene.Allene 8, and carbenatetracyclooctane 4 proceed
directly to product.The formation of hydrocarbons bicyclo[3.2.1]octa-2,6-diene (12),
tricyclo [3 .2. 1. 02'7] oct-3 -ene (13) and tetracyclo [3 .3 .02'8.04'6]octane (14) from 1 is also
investigated, and can be explained by a combination of a singlet diradical rearrangement and
intersystem crossing to triplet 2-carbenabicyclo[3.2.1]octa-2,6,diene (1T).82
Introduction
If one relates the state of the art of carbene chemistry' to our knowledge of
carbocation chemistry,2 it is easy to appreciate that the development of mechanistic insight
into features of carbene reactions is at a more primitive stage. There are two major facets of
carbocation chemistry which we are considering in carbene chemistry: (a) the importance of
homoaromatic delocalization, and (b) the identification of the structural features and
characteristics of carbene to carbene rearrangements. This study focuses on the properties
of 2-carbenabicyclo [3 .2. 1 ]octadiene 1 (Scheme 4.1).
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Scheme 4.1:The carbene,carbanion and
carbocation of bicyclo[3.2.1]octadiene.
Homoaromatic character for the bicyclo[3.2.1]octadienyl carbanion 2 has been
proposed by Brown" and Winstein,5 debated,''' and supported once again by Jiao and
Schleyer.8 Evidence for antihomoaromaticity of the related carbocation 3 has been provided
by Diaz' and Schleyee's and studies have been carried out on the related free radical.'
Qualitative MO theory suggests that in the lowest singlet the C-2 electron pair could be
delocalized in the p-orbital system rather than localized in the C-2 sp2 orbital in order to83
achievehomoaromaticity.Recentresultsinthislaboratory,however,suggest
antihomoaromaticity for carbenabicyclooctadiene 1 (Chapter 5)." Comparison with the
closely related 3-carbenatetracyclooctane 4 studied by Bergman' reveals that the two species
are related by a 1,2 hydrogen shift and may, in fact, be part of the same intermediate manifold
(Scheme 4.2), thus providing the potential for a carbene to carbene rearrangement.
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Scheme 4.2: Experimental generation of endo-6-ethynylbicyclo[3.1.0]hex-2-ene.84
Experimentally, generation of carbene 1 yielded endo-6-ethynylbicyclo[3.1.0]hex-2-
ene 5 as a produce' (Scheme 4.2). This is the same product that was obtained by pyrolysis
of the sodium salt of tosylhydrazone 6 and ascribed to bishomoaromatic carbene 4 by
Bergman and Rajadhyaksha," and by treatment of bromide 7 with KO- t- Bu/Me2SO. Klumpp
and van Dijk" photolyzed carbon suboxide in the presence of norbornadiene and obtained
ethynylbicyclohexene 5, suggesting allene 8 or carbene 4, in either homoaromatic or
antihomoaromatic form, as possible intermediates. Our first thought was that the product-
determining intermediate derived from carbene 1 is carbenatetracyclooctane 4 formed by a
1,2 hydrogen migration or formed via the allene 8. Work by Balci and Jones," which reports
the trapping of twisted allene 8 from potassium tert-butoxide treatment of bromide 7 and the
formation of optically active 5 in a reaction of bromide 7 with potassium menthoxide,
suggests an important role for allene 8.It is conceivable that ethynylbicyclohexene 5 is
formed directly from carbene 1, from allene 8 or from carbene 4, each generated from the
precursors illustrated in Scheme 4.2. It is also possible that an equilibrium of 1, 4 and 8 is set
up and that each participates in each case as a product-determining intermediate. Of course,
mechanistic schemes intermediate between these two extremes are also possible.The
mechanistic pathways followed are given in Scheme 4.3 and these several variations were
tested using density functional MO calculations.5 9
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Scheme 4.3: The mechanistic pathways of 2-Carbenabicyclo[3.2.1]octadiene.
Results and Discussion
Results of the calculations are presented in Figures 4.1, 4.2 and Table 4.1. Internal
energies were determined at both the B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) + ZPE
(B3LYP/6-31G(d,p)) and B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) + ZPE (B3LYP/6-
31G(d,p)) levels and are given in atomic units and kcal/mol relative to the lowest energy
species, 5.The B3LYP/6-311+G(3df,2p) energies will be used in our discussion. The
relative energies of carbenabicyclooctadiene 1, allene 8, and carbenatetracyclooctane 4 are
35.4, 19.1, and 38.1 kcal/mol, so reaction of both carbene 1 and bivalent 4 through allene 8
seemed likely at first glance. However, the conversion of carbenabicyclooctadiene 1 to 8, to86
4, or directly to ethynylbicyclohexene requires activation energies of 47, 37, and 49 kcal/mol,
all of which are too high. A carbene to carbene rearrangement to vinylidene carbene 9 via a
s+2 s+,2 s process followed by a 1,2-hydrogen shift is an interesting fourth option. This
latter process requires an activation energy of only 14 kcal/mol for the first step and thus
would clearly dominate over the other pathways. The calculated AG* for the formation of
carbenabicyclooctadiene 1 from vinylidene carbene 9 is 5.2 kcal/mol.This is about 19
kcaUmol lower than the experimental AG* of 24 kcal/mol for the Cope rearrangement of the
analogous hydrocarbon endo-6-vinylbicyclo[3.1.0]hex-2-ene reported by Brown." The
explanation for this may lie, in part, in the complexation of the carbene center with the double
bond in structure 9 (Figure 4.1). The distances from Cl and C2 of the olefin to the carbene
carbon are 2.6 and 2.4 A, respectively.Evidence for complexation stems from the fact that
if the carbene center is allowed to rotate away from the double bond (structure 10, Figure
4.1), the energy of the system increases by 1.3 kcal/mol. The second and more important part
seems clearly to be that the termini of the Tr-o-'n system can approach much more closely in
the carbene 9 to carbene 1 rearrangement. Compare TS7 with the analogous hydrocarbon
rearrangement transition structure given in TS8 (Figure 4.2) (C-3 to vinyl Cp is 1.619 A in
TS7 and 2.357 A in TS8). This is due to the steric interaction of the syn C-4 hydrogen with
the exo vinyl Cp hydrogen in the hydrocarbon rearrangement. The calculated AG*(298) at
the B3LYP/6-31G(d,p) level is 25.3 kcaUmol for endo-6-vinylbicyclo[3.1.0]hex-2-ene is in
excellent agreement with the experimental data.' The second step on the pathway to product
5 for carbenabicyclooctadiene 1 involves an alkenylidene to alkyne rearrangement. Pople and
coworkers have found the barrier to be 2.5 kcaUmol for the vinylidene to acetylene87
rearrangement using a MP4SDQ/6-3 1 G**//liF/6-3 1 G* + AEmpFr + ZPE(1-1176-3 1 G*)
calculation.' Cheng et al lowered the barrier to 2.85 kcal/mol using CCSD(T) and
CCSD(TQ) calculations employing very large basis sets up to cc-pVQZ.18 Zero point energy
correction gives an activation energy of 1.3 kcal/mol.
Table 4.1. Calculated and Relative Energies of Minima and Transition Structures.
Structure B3LYP/
6-31G(d,p)a
B3LYP/
6-311+G(3df,2p)b
ZPE` Relative Energy`'
B3LYP/
6-31G(d,p)
Relative Energy'
B3LYP/
6-311+G(3df,2p)
1 -309.498738 -309.588971 0.132359 32.985 35.370
4 -309.497501 -309.585591 0.133292 34.347 38.076
5 -309.550422 -309.644455 0.131478 0 0
8 -309.525154 -309.615735 0.133189 16.930 19.096
9 -309.481428 -309.572600 0.130629 42.762 44.557
10 -309.476709 -309.569139 0.129187 44.818 45.824
TS1 -309.412505 -309.508748 0.130213 85.751 84.364
TS2 -309.502331 -309.594734 0.130213 29.384 30.407
TS3 -309.482069 -309.572349 0.131281 42.769 45.124
TS4 -309.434011 -309.525635 0.128365 71.096 72.6076
TS5 -309.415032 -309.507973 0.125809 81.401 82.087
TS6 -309.465386 -309.554742 0.128295 51.364 54.298
TS7 -309.475172 -309.564550 0.130812 46.802 49.723
'Energies in au. from B3LYP/6-31g(d,p)//B3LYP/6-31g(d,p) calculations.
'Energies-in a.u. from B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) calculations.
`ZPE from B3LYP/6-31G(d,p) frequency calculations on B3LYP/6-31G(d,p) optimized geometries.
'Relative energy in kcal/mol as given by (B3LYP/6-31G(d,p)//B3LYP/6-31g(d,p) + ZPE).
`Relative energy in kcal/mol as given by (B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) + ZPE (B3LYP/6-
31G(d,p)).1.546
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Figure 4.1: Geometrical values of minima optimized at the B3LYP/6-
31G(d,p) level.
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The rearrangement of tetracyclic carbene 4 to allene 8, initially considered a likely
prospect, involves an energy barrier of 16.2 kcal/mol, more favorable than that for conversion
to carbenabicyclooctadiene 1 (34.5 kcal/mol), but less favorable than direct formation of
ethynylbicyclohexene 5, which requires an activation barrier of only 7.0 kcal/mol. Once allene
8 is formed the temptation to react via carbenes 1 and 4 is resisted with activation barriers of
63.0 and 35.2 kcal/mol, whereas direct formation of ethynylbicyclohexene requires only 11.3
kcal/mol.89
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Apart from alkyne 5, there were five other products identified from the decomposition
of the tosylhydrazone of bicyclo[3.2.1]octadienone. These are given in Scheme 4.4. The
formation of semibullvalene (15) can be readily explained as the insertion of the generated
carbene center into the syn carbon hydrogen bond (Scheme 4.5).5- ethynyl -1,3-90
12
15
13
16
14
Scheme4.4:Identifiedproductsfrom
decompositionofbicyclo[3.2.1]octadienone
tosylhydrazone.
cyclohexadiene (16) can be obtained by a framework rearrangement to produce carbene 17,
followed by a cyclopropylcarbene fragmentation reaction' (Scheme 4.5).The formation of
hydrocarbons 12-14, each which contains an additional two hydrogens from the parent
carbene 1, suggests a triplet hydrogen abstraction process. Singlet carbene 1 could undergo
intersystem crossing to yield triplet carbene 1T. From this species a hydrogen could be
abstracted leading to free radical 18 and the rearrangement manifold pictured in Scheme 4.6.
This particular radical system had previously been studied by Klump et al.2° It was found that
upon treatment of bromide 21 (R = D) with tri-n-butyltin hydride or sodium in tert-butyl
alcohol and THE, both free radical conditions, hydrocarbon 12 with deuterium scrambling
was obtained. There was no mention of products 13 or 14. The experiment was repeated in91
16
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17
III
Scheme 4.5: The formation of semibullvalene (15) and 5-ethynylcyclohexadiene
(16).
our lab to search for minor components of 13 and 14.12 The debromination was conducted
using the same conditions as above. The results are listed in Table 4.2. There are drastic
differences between these product ratios and those obtained from the carbene reaction (Table
4.3).92
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Scheme 4.6: Free radical formation of
hydrocarbons 12 - 14.
Table 4.2: Composition of Products from Tricyclic Bromide (21)
Percent yield of hydrocarbon products
Reagent 12 13 14
(n-Bu)3SnH
Na / t-BuOH
98.7
97.5
1.3
2.5
<0.1
<0.193
Table 4.3: Product Ratio of Hydrocarbon Products from Tosylhydrazone Decomposition.
Percent yield of hydrocarbon products
Decomposition
conditions
12 13 14
Dry salt (Li+)
pyrolysis (static)
72 11 16
Dry salt (Li+)
pyrolysis (static drop)
photolysis (Li+ salt)
81
44
10
35
10
20
KH/18-crown-6,
diglyme
46 29 24
There are many factors that would affect the ratio of products 12, 13 and 14. The
entry point into the rearrangement manifold, the equilibria K1 and K2 and the rates of
hydrogen abstraction k1, k2 and k3 would each play a role in product formation. It should be
safe to assume that the relative rates of hydrogen abstraction (k1, k2 and k3) are equal in this
type of system.21 The analysis, therefore, falls upon the equilibria between radical species.
If equilibration between the three radicals is not complete, then hydrocarbon 13 would be
formed in excess from the tri-n-butyltin hydride reaction on bromide 21. This would set an
upper limit of 2.5% for the formation of 13 from the analogous carbene reaction.If the
radical species are in equilibria, then the product ratio from the carbene reaction should equal
that of the radical generation. Clearly there is another mechanism in operation. Keeping the
idea of a triplet rearrangement, a logical alternative is a series of triplet diradicals as given in
Scheme 4.7. The singlet carbene could undergo intersystem crossing to give a triplet carbeneISC
isit
18
12
19
21
20
22
k3
13 14
Scheme 4.7: Proposed triplet and singlet diradical process.
24T
24S
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species. The triplet carbene could then form a series of triplet diradical intermediates. Each
of these could abstract a hydrogen to form the five radicals 18, 19, 20, 21 and 22. An
equilibrium could be established between radicals 18-20, whereas radicals 21 and 22 cannot
equilibrate and would have to proceed directly to product. More formation of 13 and 14
would be expected from this mechanism. To examine the feasibility of a triplet diradical
mechanism, DFT calculations at the B3LYP/6-311+G(3df,2p)//UB3LYP/6-31G(d,p) level95
were conducted on triplet diradical species 1T, 23 and 24 to look at the relative energies
between the three. Houk has studied the diradical mechanism of the Diels-Alder reaction and
found the B3LYP energies to be the closest match to experimental of the methods used.22
Schleyer studied triplet carbenes and found the B3LYP method treats both the singlet and
triplet in a balanced way, again giving results close to experimenta1.23 Based on their results
we felt this method was acceptable for the above system. The results of these calculations
are presented in Table 4.4, Table 4.5 and Figure 4.3.
Table 4.4: Energies of Diradical Species.
Structure UB3LYP/
6 -31 G(d,p)a
UB3LYP/
6-3 1 1 +G(Rif,2p)b
ZPE` Relative Energyd
UB3LYP/
6-3 1G(d,p)
Relative Energy'
UB3LYP/
6-311+G(3df,2p)
1T -309.510677-309.5984740.132643 0 0
23 -309.486259-309.5730780.131298 14.479 15.092
24 -309.478624-309.5634190.131693 19.517 21.402
1S -309.498738-309.5889710.132359 7.314 5.785
23S-309.498154-309.5872960.131659 7.241 6.397
24S-309.508259-309.5947400.133583 2.107 2.933
a Energies in a.u. from UB3LYP/6-31G(d,p)//UB3LYP/6-31G(d,p)
Energies in a.u. from B3LYP/6-311+G(3df,2p)//UB3LYP/6-31G(d,p)
ZPE from B3LYP/6-31G(d,p) frequency calculations on B3LYP/6-31G(d,p) optimized geometries.
d Relative energy in kcal/mol as given by (B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) + ZPE)
Relative energy in kcal/mol as given by (B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) + ZPE
(B3 LYP/6-3 1 G(d.,p))96
Table 4.5: Energies of Radical Species
Structure UB3LYP/ UB3LYP/ ZPE` Relative EnergydRelative Energy'
6-3 1 G(d,p)a 6-3 1 1+G(3 df,2p)b UB3LYP/ UB3LYP/
6-3 1G(d,p) 6-3 11+G(Rif,2p)
18 -310.193301-310.2815230.144865 0 0
19 -310.172790-310.2596660.144837 12.854 13.700
20 -310.164605-310.2954440.144648 17.871 19.994
a Energies in a.u. from UB3LYP/6-31G(d,p)//UB3LYP/6-31G(d,p)
b Energies in a.u. from B3LYP/6-311+G(3df,2p)//UB3LYP/6-31G(d,p)
ZPE from B3LYP/6-31G(d,p) frequency calculations on B3LYP/6-31G(d,p) optimized geometries.
d Relative energy in kcal/mol as given by (B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) + ZPE)
e Relative energy in kcal/mol as given by (B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) + ZPE
(B3LYP/6-3 1 G(d,p))
The first point that can be made from the given energies (Table 4.5) is that there
would not be an equilibrium between free radicals 18, 19 and 20 as outlined in Scheme 4.7.
Radical 18 is lower in energy than 19 and 20 by 13.7 and 20.0 kcal/mol respectively. This
would be enough of an energy difference to result in the formation of product solely from
radical 18. These computational results fit nicely with the experimental reaction composition
derived from formation of the radical species by tri-n-butyltin hydride and Na/t-BuOH. This
would also mean that for the carbene reaction the relative product ratios must be in place
before the first hydrogen abstraction leading to radical formation. The same argument,
however can be made against the triplet diradical species 1T, 23 and 24. Triplet 1T is 15.1
and 21.4 kcal/mol lower in energy than 23 and 24. Again this difference is high enough that
the only product that should be seen is hydrocarbon 12 formed from radical 18. Perhaps the
temperature was changing the energetic picture.The tosylhydrazone degradation was97
2.078 2.444
2.440
IT
1.537
1S
2.475
1.517
1.336 - isaA 1.393
1.394
1.537 )
2.474
18
1.517
1.518
1.537
23
2.432
1.523
1.382
1.637)
1
1.585
1.444
23S
1.344
1.479
1.515
24
1.541
24S
19 20
Figure 4.3: Geometries of radical and diradical
species.
conducted at 120 °C; however, when a probe study was conducted at the AM1
computational level with correction for temperature, no change in the trend was seen for the
triplet diradicals. At this point we turned our attention to the same diradical manifold, but
with the singlet state rather than the triplet state.It was found that the relative energies of
species 1S, 23S and 24S were much closer. Singlet 1S is only 0.612 kcal/mol lower inenergy
than 23S and is actually 2.852 kcal/mol higher than 24S.As 1S and 23S are almost
isoenergetic with 24S the most stable, and since the entry point is 1S, the production of98
hydrocarbons 13 and 14 can then be explained by a singlet diradical rearrangement manifold.
Alternatively, the abundance of 12 in the carbene reaction can be explained by the singlet
triplet gap of 1. The triplet (1T) is 5.785 kcal/mol lower in energy than the singlet (1s). The
final product ratio can be explained by a combination of two competing processes. Formation
of triplet 1T is energetically favorable and would give product 12. Products 13 and 14 stem
from the singlet diradical manifold.99
Conclusions
In contrast to a mechanistic picture involving an intermediate manifold of equilibrating
carbenabicyclooctadiene 1,allene 8 and carbenatetracyclooctane 4, our calculations
demonstrate such equilibration is unimportant with each intermediate proceeding to product
ethynylbicyclohexene in its own unique fashion.The intrinsic nature of each of the
intermediates on the C8H8 potential energy surface is of interest. We have concluded that the
stability of singlet 1 as measured by isodesmic reaction eq 4.1 (AE = -3.98 kcal/mol), the
geometry (similar to the related antihomoaromatic cation 3, rather than the homoaromatic
anion 2), and the triplet-singlet energy gap (Etripie,- Eset= -5.01 kcal/mol) using B3LYP/6-
311+G(3dt 2p)//B3LYP/6-31G* +ZPE energies and B3LYP/6-31G* geometries establishes
carbenabicyclooctadiene 1 as antihomoaromatic.11 Allene 8 is of severely twisted C1 symmetry
which is consistent with the chirality demonstrated in trapping experiments of this species by
Balci and Jones" (Figure 4.1).
(4.1)
The third intermediate, tetracyclic carbene 4 may be viewed against the background
of the isomerization energy change (at B3L'YP/6-31G** + ZPE) for the interconversion of
14, which is 1.4 kcal/mol.This isomerization energy change, at the same level of
calculation, for the related hydrocarbons (eq 4.2) is 6.10 kcal/mol. The reduction of the100
energy gap for the carbene species is due to antihomoaromaticity of 3.90 kcal/mol in
carbenabicyclooctadiene 1. Inspection of the HOMO and LUMO of carbenatetracyclooctane
4 reveals that the carbene is not homoaromatic as originally suggested by Bergman and
Rajadbyaksha12 but has instead some antihomoaromatic character. This is revealed in the
longer than normal bond for C1 -C2 (1.547 A in the carbene, 1.5191 A in the parent
hydrocarbon); however, the C2-C8 bond is even longer in the carbene (1.568 A versus 1.5145
A in the hydrocarbon).The stronger delocalization involving the C2-C8 and C4-C6
cyclopropane bonds avoids the antihomoaromatic array of the p-orbital with the C1 -C2 and
C5-C4 bonds (11).
7
2
(4.2)
11
The mechanistic formation of hydrocarbons 12, 13 and 14 does not proceed through the
triplet state as we originally assumed, but is likely a combination of two pathways. The first
in an exothermic route from the singlet 1S to triplet 1T. This is in competition to the near
isoenergetic rearrangement to singlet diradical 23S.101
Computational Methodology
Initial optimizations were obtained using AM1 semi empirical calculations in the
Spartan 4.1.1 and 5.0 suite of programs.' The density functional theory module included in
the Gaussian 9425 suite of programs was then used to obtain final geometries. In particular,
we employed Becke's three parameter hybrid functional' with the gradient-corrected
correlation functional of Lee, Yang and Parr.' This combination has been recommended for
calculations on carbene species when used with a reasonable split valence basis set." In this
work, full optimizations were conducted at the B3LYP/6-31G(d,p) level. Single point energy
calculations were performed at the B3LYP/6-311+G(3df,2p) level on the B3LYP/6-31G(d,p)
optimized geometries. This technique gives superior results to a variety of multiconfiguration
methods using DZP or 6-31G(d) basis sets'(ZEST for methylene = 10.8 kcal/mol compared
to an experimental value of 9.05 kcal/mol). As one of our structures is an allene it should be
mentioned that Houk has reported an overstabilization of allenes by DFT methods.' Our
B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) calculations give an E(allene)E(propyne)
value of-1.31 kcal/mol. This is not equal to the experimental value of +1.7 kcal/mol, but is
a marked improvement of the error found in the DFT methods employed in this earlier work.
When possible, transition structures were located using the Synchronous Transit-Guided
Quasi-Newton (STQN)30 method included in the Gaussian 94 program. For difficultcases,
particularly the transition structures TS4 and TS6, a one dimensional search alongan
appropriate reaction coordinate was conducted using the coordinate driving procedure
included in Spartan 5.0.Once a reasonable structure was obtained, it was exported to102
Gaussian where every coordinate in the structure was optimized with the exception of the
reaction coordinate.This would allow selection of a "guess" transition structure. The
structure was then carefully modified until one imaginary frequency was obtained and the
animation of said frequency showed the proper coordinate for the transition. Final geometries
were characterized as minima or transition structures by calculating the vibrational frequencies
at the B3LYP/6-31g(d,p) level.' To insure the correct pathway for transition structures the
single imaginary frequency for each was animated with the sharewareprogram Molden.32
Final energies are given as B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)+ZPE and B3LYP/6-
3 1 1 +G(3 df, 2p)//B 3 LYP/6-3 1 g(d, p) + ZPE at B 3 LYP/6-3 1 g(d,p).
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Chapter 5
Homoaromaticity in Carbene Intermediates
James K. Pugh and Peter K. Freeman*
Department of Chemistry, Oregon State University Corvallis, Oregon 97331108
Abstract
Analyses of isodesmic reactions for singlet 7-carbenanorbornene (4S), 8-carbena-
endotricyclo[3.2.1.024]octane (5S), 3-carbenabicyclo[3.1.0]hexane (3S), 2-carbenanorbornene
6S, and 2-carbenabicyclooctadiene 7S at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G* level
provide stabilization energies of 13.83, 13.50, 3.00, -2.22, and -3.98 kcal/mol, respectively.
The C7 carbene in 4S and the C8 carbene center in 5S are strongly bent towards the double
bond and cyclopropane ring, respectively, in contrast to their related triplets, 4T and 5T and
parent hydrocarbons.The geometric change for 3S compared to 3T or to parent
bicyclo[3.1.0]hexane is minimal. Comparison of the stability of 6S with 2-carbenanorbornane
and the geometry of 6S with that of 6T and also with the singlet and triplet 2-
carbenanorbornane suggests very modest bridging. The stabilization energy and geometry
of 2-carbenabicyclooctadiene 7 resemble antihomoaromatic bicyclooctadienyl cation 9 rather
than the related homoaromatic bicyclooctadienyl anion 8.The singlet-triplet energy
differences, AETs, for carbenacyclohexane,3,4,5,6,and 7 at the B3LYP/6-
311+G(3cif 2p)//133LYP/6-31G* level are 3.35, 8.77, 27.11, 25.90, 12.67, and -5.01 kcal/mol,
respectively.109
Introduction and Background
Homoaromaticity in carbocations is well established, especially in the 7- norbornenyl
(1) and 8-endotricyclo[3.2.1.02loctyl systems (2).1 The related radicals have not provided
convincing evidence to support homoaromaticity.2 An intriguing question arises as a
consequence: are carbene intermediates with favorable geometries homoaromatic or in some
casesantihomoaromatic?Earlier, we have reported on thechemistry of 3-
carbenabicyclohexane(3),3endo-8-carbenatricyclo [3 .2.1.021 octane(5),4and2-
carbenabicyclo[3.2.1]octadiene (7).5Moss, Kirmse and Brinker and their coworkers have
described 7-carbenanorbornene (4),6 and Gleiter and Hoffmann have carried out an extended
Rickel calculation on 4 which provides encouragement,' but whether or not these species are
homoaromatic or antihomoaromatic was either not revealed or is in question.' Related
3
1
4
6 7
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carbene 2-carbenanorbornene 6 is of interest and 2-carbenabicyclo[3.2.1]octa-3,6-diene 7
presents the potential for either homoaromaticity or antihomoaromaticity depending on the
orbital occupancy of the nonbonding carbene electrons.
Homoaromaticity for singlet state bivalent intermediates 3S, 4S, 5S, 6S, and 7S
should be revealed by enhanced stability, geometric changes relative to model systems, and
changes in the singlet-triplet energy gap (REST). The enhanced stabilities of singlet state
carbenes were evaluatedatthe B3LYP/6-31G*//B3LYP/6-31G* and B3LY13/6-
311+G(3df,2p)//B3LYP/6-31G* levels,' correcting for zero point energy differences (at
B3LYP/6-31G* optimized geometries), using in the cases of 3S-6S, isodesmic equations such
as that illustrated for bivalent 4 (eq 5.1).For singlet 7 (and the related anion 8 and cation
9), isodesmic equations of the type illustrated in eq 5.2 were employed (Table 5.1). The
B3LYP/6-31G* level for calculations on carbene species is recommended,' but our
calculations on the singlet-triplet energy gap (REST) for methylene using B3LYP/6-
311+G(3d.t2p)//B3LYP/6-31G* which yield AEsT=10.80 kcal/mol (experimental value=9.05
kcal/mol) provides a superior value to a variety of multiconfiguration methods using DZP or
6-31G* basis sets.' Therefore the energy values quoted below are derived from B3LYP/6-
311+G(3df2p)//B3LYP/6-31G* calculations.
4 4 4
carbene (i) alkane (i)
+
alkene (f) carbene(f)
(5.1)7* =..;8* =O
;9* =
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(5.2)
The stabilization energies (total energy products - total energy reactants) determined
for singlet carbenes 3S, 4S, 5S, 6S, and 7S fall into two groups; the values for 3S, 4S, and
5S are 3.00, 13.83 and 13.50 kcal/mol and may be placed in perspective by comparison with
that of the well established homoaromatic 7-norbornenyl cation, which provides a stabilization
energy of 17.91 kcal/mol (Table 5.1). The analogous energies for singlet carbenes 6 and 7
are -2.22 and -3.98 kcal/mol. The initial conclusion that carbenes 4S and 5S are strongly
homoaromatic and carbenabicyclohexane (3S) only mildly so should be reflected in an altered
architecture for each carbene. The C7 carbon of singlet 7-carbenanorbornene (4S) clearly
leans towards the double bond, with the C2-C7 distance (1.892 A) much shorter than the C6-
C7 distance (2.565 A). The C2-C7 distance is close to that reported by Laube for the C2-C7
distance in 2, 3- dimethyl- 7- phenylnorbornen -7 -yl ion (1.86 A)'' and that reported by Evans
et al." for the 7-norbornadienyl moiety in (C5Me5)2Sm(O2C7Me5) (C2-C7 = 1.876 A). The
dihedral angles47412 (90.0°)versus 4)7145 (146.2°) are equally telling.The analogous
distances in the triplet 4T and in norbornene place the C7 symmetrically between the etheno
and ethano wings (Figure 5.1); in 4T4)7412 =127.8° and 4)7145 =119.9°, while in norbornene112
4)7412 = 127.3° and 4)7145 = 120.8°. There is, in addition, a lengthening of the alkene double
bond (1.374 A) relative to the double bonds in triplet 4T (1.345 A) and norbornene (1.341
A) asone would expect.Similarfeaturesare observedforsingletendo-8-
carbenatricyclooctane.The C8 carbene carbon leans strongly towards the endo fused
cyclopropane unit; the C8-C2 distance is 1.965 A, shorter than the C8-C7 distance (2.529 A),
and dihedral (I)8154 is 89.5°, much smaller than dihedral 4)8517 (150.10). Comparisons with the
analogous distances and dihedral angles for triplet 5T (4)8154 = 122.7°, 4)8517 = 121.1°) and
endo-tricydo[3.2.1.02loctane (4)8154= 122.1°, 4)8517 = 121.5°) demonstrate that the leaning
C8 carbene carbon is a singlet characteristic. In addition, there is a rather striking increase
in the C2-C4 transannular cyclopropane bond in singlet 5S (1.688 A) that may be compared
with the record breaking C-C bond distances of slightly greater than 1.7 A described by
Kammermeier et a1.12 The much smaller stabilization energy of singlet carbenabicyclohexane
3S (22 % of singlet 4S and 17 % of 7-norbornenyl cation) is reflected in geometries for
singlet 3S, triplet 3T and bicyclo[3.1.0Thexane which are quite similar. All three are very
slightly boat shaped. The dihedral angles 4)1543 for 3S, 3T, and bicyclohexane are 6.7, 18.1
and 7.2°. In contrast to the stabilization for 3S, 4S and 5S, 2-carbenanorbornene 6S appears
to be slightly destabilized relative to singlet 2-carbenanorbornane (Table 5.1); however, there
is some evidence of bridging in singlet 2-carbenanorbornane. The C2-C6 distance is 2.244
A while the C3-05 distance is 2.464 A and the C1 -C6 bond is lengthened to 1.601 A at the
B3LYP/6-31G* level.113
This view isreinforced by a consideration of the triplet geometry in 2-
carbenanorbornane, which exhibits a C2-C6 bond distance of 2.456 A, a C3-05 distance of
2.519 A and a C6-C1 distance of 1.546 A. Perhaps both 2-carbenanorbornene 6 and singlet
2-carbenanorbornane are bridged and stabilized.
Table 5.1: Stabilization Energies of Carbenes 3S-7S, 7 Norbornenyl cation 1,
Bicyclooctadienyl Anion 8 and Bicyclooctadienyl Cation 9.'
Intermediate carbene(i)alkane(i) alkene(f) carbene(f) SEb
carbenabicyclohexane 3-233.249575 -235.787256 -234.561349 -234.470700 3.00
(-233.169352)(-235.709223)(-234.483602)(-234.389755) (3.27)
carbenanorbomene 4 -271.364447 -273.878236 -272.662619 -272.558023 13.83
(-271.274917)(-273.790526)(-272.573762)(-272.466886) (15.56)
carbenatricyclooctane 5-310.643238 -273.878236 -311.941938 -272.558023 13.50
(-310.541299)(-273.790526)(-311.842531)(-272.466886) (14.06)
7-norbomenyl cation 1 -271.773528 -273.878236 -272.662619 -272.960601 17.91
(-271.693953)(-273.790526)(-272.573762)(-272.877395) ( 20.91)
2-carbenanorbomene 6-271.351798 -273.878236 -272.662619 -272.570947 -2.22
(-271.261328)(-273.790526)(-272.573762)(-272.480756) (-1.67)
carbene 7 -309.454713 -311.977920 -310.763235 -310.6757361 -3.98
(-309.352765)(-311.876808)(-310.661542)(-310.574241) (-3.90)
anion 8 -310.161702 -311.977920 -310.763235 -311.3616363 9.26
(-310.033899)(-311.876808)(-310.661542)(-311.233897) (9.58)
cation 9 -309.878431 -311.977920 -310.763235 -311.1041652 -6.93
(-309.785466)(-311.876808)(-310.661542)(-311.010997) (-6.44)
'Energies of the individual species calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-310* level + ZPE at
B3LYP/6-31G* or in parantheses at the B3LYP/6-31G*//B3IYP/6-31G* + ZPE level (Nlmag = 0 in each case) in
Hartrees. 'The stabilization energy SE = E,ka,(0 + Ecarbene(f)Ecarbene(t)Eair..inew in kcal/mol. For the cations and
anion, the energies for the cationic and anionic intermediates replace the analogous carbene species.114
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Figure 5.1. The structures for singlet carbenes 4S, 5S, 3S;
tripletcarbenes 4T,5T, 3T; and therelatedparent
hydrocarbons calculated at the B3LYP/6-31G* level.
An indication of the degree of bridging in carbenanorbornene 6S is revealed by
comparing the C2-C6 distance (2.263A)with the C3-05 distance (2.424A)and noting that
the C 1 -C6 bond (1.543A)is only slightly longer than the C4-05 bond (1.529 A). A
comparison with the related triplet 2-carbenanorbornene bonds (C2-C6 = 2.397A,C3-05 =
2.492A,C6-C1 = 1.536A)and noting that the double bonds in 6T and 6S are equal at 1.342
suggests that bridging is muted relative to 2-carbenanorbornane.
The isodesmic reactions for carbene 7 and the related anion and cation suggest that115
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Figure 5.2. The structures for singlet and triplet 2-
carbenanorbornane, 2-carbenanorbornene (6S and
6T), 2-carbenabicyclo[3.2.1]octa-3,6-diene (7S and
7T), and 2-bicyclo[3.2.1]octadienyl cation (8) and
anion (9) at the B3LYP/6-31G* level.
the carbene is antihomoaromatic (AE = -3.98 kcal/mol), the carbanion is homoaromatic (AE
= 9.26 kcal/mol) and cation is antihomaromatic (AE = -6.93 kcal/mol) (eq 5.2), the latter two
results anticipated based on the results of Jiao and Schleyer.13 A comparison of the116
transannular distances in singlet carbene 7S with triplet 7T shows that on the average the
three-carbon bridge is splayed out from the two-carbon bridge as revealed in the C2-C7
(2.598 A) and C4-C6 (2.425 A) distances in the singlet and the C2-C7 (2.440 A) and C4-C6
(2.479 A) in the triplet (Figure 5.2). The analogous distances in the homoaromatic anion are
shorter at 2.409 A and 2.411 A, while these transannular distances in the antihomoaromatic
cation are similar at 2.525 A and 2.407 A. The length of the C6-C7 double bond in 7S and
7T are the same and closer to the analogous bond length for the cation (1.326 A) than to that
of the anion which is long at 1.362A.An interesting sidelight is that antiaromatic
bicyclooctadienyl cation 9 is Cl with the Cs structure a transition state for interconversion of
the two enantiomeric Cl versions of 9 with an energy barrier of 0.03 kcal/mol at the
B3LYP/6-31G* level.Our analysis of the singlet-triplet energy gap (REST) for these
potentially homoaromatic or antihomoaromatic carbene species followed the approach used
by Sulzbach et al.14 in their analysis of di-tert-butylcarbene. The overestimation of the LEST
for methylene (1.75 kcal/mol at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G* + ZPE level)
was used to correct the LETS values for bivalent intermediates 3, 4, 5, 6, 7 and standard
carbenacyclohexane (Table 4.2). The positive numbers in the table correspond to a singlet
level below the triplet. Thus, the picture for the energy gap LETS series is clear: stabilization
for singlet carbenabicyclohexane 3 increases the gap only a modest amount, but substantial
stabilization for singlet carbenes 4 and 5 provides a large energy gap.There is some
stabilization for 2-carbenanorbornene and the singlet level for 7S, in contrast to intermediates
3-6, is above the triplet.117
Table 5.2: Singlet-Triplet Energy Differences for Carbenacyclohexane and
Bivalent Intermediates 3-7
carbene AE kcaUmol
carbenacyclohexane 3.35
3 8.77
4 27.11
5 25.90
6 12.67
7 -5.01
aAEsT = ET- Es+ AZPE +1.75 kcal/mol at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G* level
with the AZPE calculation a the B3LYP/6-31G* level (Nlmag = 0 for each species).
Conclusions
Overall, an analysis of energies of stabilization, the geometries of related intermediates
and an analysis of LETS values all provide a clear basis for our conclusion that carbenes 4S,
and 5S are homoaromatic, while with 3 and 6 the effect is considerably diminished and in the
case of carbenabicyclooctadiene 7 we have a switch to antihomoaromaticity.These
conclusions are consistent with the chemistry previously observed for these species.
Carbenabicyclooctadiene 7 is the only species which exhibits triplet characteristics.
Generation of 7 by pyrolysis of the lithium or potassium salt of the precursor tosylhydrazone
produces singlet diradical products (see chapter 4) resulting from hydrogen abstraction (11
and 12), singlet products formed by insertion or rearrangement (13, 14 and 15)5 and triplet
product (10). Carbenacyclohexane,15 carbenabicyclohexane 33 and the related 2-carbena-6,6-L61
10 11 12
13
/
< )
14 15
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dimethylnorbornane16 generated by decomposition of precursor tosylhydrazone salts produce
solely alkenes resulting from a 1,2 hydride shift, a singlet process. It is noteworthy that in the
case of 2-carbena-6,6-dimethylnorbornane there is a preference for exo-C3 to exo-C2 over
endo-C3 to endo-C2 hydride migration of 20:1 which may be the consequence of the bridging
of the 2-carbenanorbornane described above. 7-Carbenanorbornene 4 formed by pyrolysis
of the lithium salt of the tosylhydrazone of the corresponding ketone produces rearrangement
products (16 (67 %) and 17 (6.9 %)) (singlet products) with a trace of triplet product
norbornene (0.9 %).6a
4 16 17119
The carbenoid products formed from carbene 5 and analogous carbene 18 generated
by decomposition of the precursor tosylhydrazones in NaOCH3/diglime are singlet
rearrangement products (1922).4
5
18
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Chapter 6
Conclusion
This study focused on the chemistry of reactive intermediates. Experimental and/or
theoretical investigations were conducted to elucidate the nature of the reactive species for
each of the chemical processes discussed. Insight into the behavior of these intermediates
provides a template for the understanding of related reactions and chemistry.In chapter 1,
it was determined that direct irradiation of pentafluorobenzene at 254 nm does not produce
a monodefluorinated product. This is in contrast to the reactivity seen in other halogenated
aromatics, namely brominated and chlorinated substrates. Given the strength of the carbon
fluorine bond, this is not unreasonable. When irradiation is conducted in the presence of
compounds that can function as electron transfer agents, an excited complex followed by
electron : transfer is formed that results in a radical ion pair.The radical anion of
pentafluorobenzenethenfragmentsto1,2,3,5-tetrafluorobenzeneand1,2,4,5-
tetrafluorobenzene directly, or with assistance from an initial proton transfer from the electron
transfer agent. Of the electron transfer agents studied, only triethylamine gave products that
would be expected from a proton transfer to the radical anion. This can be explained in terms
of frontier molecular orbital theory.
The reactivity of carbenes was investigated by '3C labeling and computational
chemistry. The mechanistic formation of o-terphenyl from 4,4-diphenylcyclohexadienylidene,
a question that was posed nearly 20 years ago, has now been answered. A single mechanism123
is involved, rather than the combination of mechanisms that was proposed earlier.
The ability of carbenes to undergo homoaromatic delocalization was studied in two
ways. The first was an evaluation of the rearrangement manifold of 2-carbenabicyclo[3.2.1]
octa-3,6-diene. The common product endo-6-ethynylbicyclo[3.2.0]hex-2-ene for 2-
carbenabicyclo[3.2.1]octadiene, bicyclo[3.2.1]octa-2,3,6-triene and 3-
carbenatetracyclo[3.3.028,04'6]octane suggested that a manifold of these species was
operative. Density functional calculations show that this is not what occurs. Rather than
participate in the homoaromatic manifold, 2-carbenabicyclooctadiene proceeds stepwise to
product though a Cope rearrangement to a vinylidene carbene, followed by vinylidene to
acetylene rearrangement.
The second study of potentially homoaromatic carbenes utilized isodesmic reactions
to give the stabilization energies of the carbenes under investigation. It was found that 7-
carbenanorbornene, 8-carbena-endotricyclo[3.2.1.02'4]octane and 3-
carbenabicyclo[3.1.0]hexane all give evidence of homoaromaticity by having lower energy
singletstates than tripletstates,and geometries thatreflectdelocalization.2-
Carbenanorbornenegavenoevidenceof homoaromaticstabilization,and2-
carbenabicyclo[3.2.1]octa-2,6-diene was more antiaromatic in character. Homoaromaticity
in carbocations is well established. Now there is evidence that certain carbenes behave in a
similar fashion.124
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Appendices137
Appendix A: Measurement of the Singlet State Energy of Pentafluorobenzene
The highest energy vibrational band in an emission spectra corresponds to the 0,0
transition.' The energy gap corresponding to this 0,0 transition characterizes the energy of
the excited state. The energy of a singlet or triplet excited state (Es or ET) is normally taken
to be the energy difference between the v=0 levels of the excited state and the corresponding
ground state.'To measure the Es of pentafluorobenzene, a 5.00E-6 M solution of
pentafluorobenzene in acetonitrile was prepared. A lcm quartz cuvette was washed three
times with acetonitrile, then filled with the same solvent and scanned as a blank in a Hewlett
Packard 8452 Diode Array Spectrophotometer. The same cuvette was then washed three
times with the pentafluorobenzene solution, filled once again, and an absorbance spectra was
taken. From the absorbance spectra, the longest wavelength corresponding to the tail of the
absorbance peak is290 tun. A 1 cm quartz fluorescence cuvette was washed three times
with the same pentafluorobenzene sample from above. The cuvette was then purged with
nitrogen for 20 minutes, placed in a Perkin-Elmer LS50B Luminescence Spectrometer and
an emission spectra was obtained. The shortest wavelength value for emission was also 290
nm. The singlet state energy for the 0,0 transition can be assigned to the wavelength where
absorbance and emission spectra cross. From the above results this would happen at 290
nm. Using the relationships c = Av and E = hv where c is the speed of light (2.998E8 m/s)
and h is Planck's constant (6.62608E-34 Js) the energy in Joules can be solved for. For
pentafluorobenzene this value is 6.850E-19 J. The singlet state energy of pentafluorobenzene
would then be approximately equal to 98.61 kcal/mol.138
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Figure A.1: The U.V. absorption spectra for pentafluorobenzene.
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Figure A.2: The emission spectra for pentafluorobenzene.139
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Appendix B: Kinetic Analysis for the Quantum Yield
of Pentafluorobenzene in the Prescence of Electron Transfer Agents
The quantum yield of product from a photochemical reaction (0) is defined as the
number of molcules of product formed per unit time per unit volume divided by the number
of quanta absorbed per unit time per unit volume.' A common treatment of the quantum yield
data is to determine if it is linearly dependant upon the concentration of one of the chemicals
in the reaction. This is referred to as a Stern-Volmer relation.' What dictates this relation is
the kinetics of the mechanistic proposal. The following is the kinetic analysis of mechanistic
Scheme 2.2.
The rate of change of the reactive singlet state (ArF*1) is equal to the the rate of
formation minus the rate of disappearance (Equation B1). If steady state conditions are in
effect, the the rate of formation is exactly equal to the rate of disappearance. In other words,
the rate of change of the singlet state is zero. Using the steady state approximation (SSA)
leads to the relationship in Equation B2 where f is the fractional efficiency of light absorption
and I is the intensity of light.
d[ArF
*1]-11-k d[ArF *1-ket[ETA][ArF*1]
dt
[ArF *1-ft
kd+kcJETA]
(B1)
(B2)141
Likewise, the rate of change for the exciplex (ArFETA1 is equal to the rate of its formation
minus the rate of disappearance. Applying the SSA to this relationship gives equation B3.
k [ETA][ArF *1]
[ArF ETA 1- a
k r+ke
Substituting the value from Equation B2 gives Equation B4.
k [ETA]
[Ar F ETA 1- a
(kr+ke)(kd+kt[ETA])
Therefore the rate of product formation over time can be given by Equation B5.
VI
dt
d[Products]
ETA 1
k et[ETA-
d+UETAD
Using the definition of the quantum yield (Op) gives Equation B6.
k [ArF ETA -1 k Act[ETA]
f7 (k r+k e)(k d+k JETAD
Taking the inverse of equation B6 and setting F = kl(kr + ke) gives Equation B7.
1 _(k r+k e)(k d+k JETAD _k d+k JETA]
k rk ct[ETA] Fk ct[ETA]
This gives the final equation used in the Stern-Volmer plot, Equation B8.
(B3)
(B4)
(B5)
(B6)
(B7)1 kd 1
'IFk cr[ETA] F
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Appendix C: Kinetic Analysis of Product Formation
from Pentafluorobenzene Photolysis if an Excimer is Involved
Scheme 2.4 (chapter 2) covers the mechanistic possibilities of monodefluorination
product formation stemming from an excited dimer (excimer) of pentafluorobenzene. Given
this mechanism, the rate of product formation would be based on the singlet and triplet
excimers as shown in Equation Cl.
d[Products]
-k r[Excimer *1]+k4Excimer *3]
dt (C1)
By invoking the steady state approximation (SSA - Appendix B), the triplet excimer
formation can be represented by Equation C2.
k JArF][ArF
*3j=k4Excimer *3]+ke[Excimer *3]
Collecting like terms for the triplet excimer gives Equation C3.
k [ArF][ArF *3]
[Excimer *3]tex
krr+kte
(C2)
(C3)
Using the SSA and solving for the concentration of triplet excited state gives equation C4.
[ArF
k isc[ArF *1]
k td+k reprF]+k q[0]
(C4)
Applying the SSA to the excited singlet state yields Equation C5, where f is the fractional
efficiency of light absorption and I is the intensity of light.[ArF *1]-
kd+k sc+k ex[ArF]
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(C5)
The SSA also provides a relationship for the singlet excimer and is given by Equation C6.
k JArF][ArF *1]
[Excimer
k r+ke
Substituting equations C3 and C6 into equation Cl gives equation C7.
d[Products] _k rk JArF][ArF']k trk tex[ArF][ArF *3]
dt k r+ke k + kte
(C6)
(C7)
Substituting equations C4 and C5 into C7 yields equation C8, where F = k.. / (1s, + k.) and
Fs = kr/ (kr + ke).
d[Products] F sk ex[ArF]/7 c.[ArF]k
dt k d+kisc+k ex[ArF](k d+k+k ex[ArF])(k rd+ktex[ArF]+k q[0])
(C8)
If cfisc is defined as kisc(kd kex[ArF] then equation C8 simplifies to equation C9.
d[Products]F sk exPrnfl Fk tex[ArF]ci),,j7
dt k d+ksc+k ex[ArF]k rd+k rex[ArF]+k (C9)
The product quantum yield Op) can then be defined as the rate of product formation over fl
and is given by equation C10.Fskex[ArF] Fkres[Arflits,
P k +k +k prflku+krex[Arfi] +kg[0]
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(C10)
Vp is defined as the product quantum yield when the quencher is not present and is given by
equation C11.
(no _Fsk
ex[ArF] Fkrex[ArF]ckis,
P k di-kz+kejArFJktd+kjArF]
The ratio of Srp /'I would then result in the non-linear equation C12.
Fskex[ArF]+Fkfrx[ArP14),s,
°P kd+kisc+kex[Arflka+ktex[ArF]
Op Fskexprfl Fktex[ArF]4,s,
kd+k,,e+kex[ArF]ka+kjArP14.9,[Q]
(C11)
(C12)
If the products are formed only though the triplet excimer, then the first half of both the
numerator and denominator drops out resulting in equation C13. This equation is linearly
dependant upon quencher concentration..
FiceprF](1),,,
(1)(3 ka+ktex[ArF]_ka+kreprfl+kg[Q] lc-JO
FkjArflifis, ka+krex[ArF] ka+kr[ArF]
kid+ktexplrfl+kg[Q]
(C13)
If the products are formed from only the singlet excimer, then equation C12 simplifies to
equation C14.Fskeprfl
(I)°plcd+kisc+Ic[ArF]
Fskeprfl
ka+kisc+Icprfl
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(C14)
Thus a plot of the ratio of the product quantum yields with and without quencher can be
linear, flat, or contain regions of both.147
Appendix D: Measurement of Molar Absorption Coefficients at 254 nm (254)
Many of the photochemical processes discussed are based on the fact that during the
reaction the vast majority of the incident light was absorbed by the substrate, and not the
added quencher or electron transfer agent. Actinometer solutions are also made so that the
actinometer is absorbing most of the light. The correct concentrations of the materials used
can be calculated based upon the Beer-Lambert Law and the molar absorption coefficient.
The Beer-Lambert law is given in equation Dl.
I=4(10)-d (D1)
In this equation I is the transmitted light, 10 the incident light, E the molar absorptivity in dm3
mot -1 cm-1, c the concentration of the sample in mol dm -3 and 1 is the path length in cm. By
rearranging the Beer-Lambert law and taking the log of both sides, the optical density (O.D.)
can be defined and is given in equation D2.
I
log(i )=EC/ (D2)
The light absorbed by the sample (Ia) is equal to the incident light minus the transmitted light,
or Ia = 10 - I.Substituting this relationship into the Beer-Lambert Law gives equation D3.
/a =10 -4(1 0)-"/=/0(110 -Eci) (D3)148
For total light absorption, I0/1100 therefore log (IA)2 or Ecl2 This means that for
the substrate to absorb all the light the O.D. must be greater than or equal to 2. To perform
this calculation the molar absorption coefficient must be obtained. This is done by making
a series of sample solutions (different concentrations) of the compound under investigation
and obtaining a U.V. absorption spectra for each. A plot of the absorption vs. the
concentration of the sample will yield straight line with slope El.The molar absorption
coefficient can then be solved for. Using this technique the molar absorption coefficient was
obtained for the following compounds used in this study (Table D1).
Table Dl: The Molar Absorption Coefficient for Studied Compounds.
Compound Molar absorption coefficient at 254 nm (E254)
Pentafluorobenzene 444.43
Cyclopentanone 6.92
Quinuclidine 24.97
Dabco 370.90149
Appendix E: Cyclopentanone Actinometry
Actinometry provides a means to measure the incident radiation intensity during a
photochemical reaction.The irradiation of actinometer solutions is therefore done
simultaneous with sample solutions.The correct concentration of actinometer must be
determined to insure that all of the light is absorbed. From the Beer-Lambert law, I = Io(lo)Ed
where 10 = incident light, I = transmitted light, E = the molar absorption coefficient for the
chemical used in dm3 mol -1 cm-I, c = the concentration in mol dm-3 and I = the path length in
cm. The optical density (O.D.) stems directly from this relationship and is given by log(Io/l)
= Ecl. The light absorbed (Ia) is equal to the incident light (I0) - transmitted light (I) or Ia =
lo - I. From the previous relationships then Ia = 10-10(10)"' = lo(1-10-1. For 100% light
absorption IO/I100, log(I0/I)._2 therefore O.D. or Ecl2.The calculation for the
average path length is based on sine = x/r where 0 = 45° and r = 0.75 cm (both values based
on a round 1.5 cm diameter quartz reaction tube)(Figure El). Solving for x gives a value of
0.53 cm.2x or 1.06 cm should equal the path length through the tube.Minimum
Figure El: Geometrical
solution of path length.150
concentration can be determined from c2/1. E254 for cyclopentanone = 6.92 dm3/mol(cm)
as measured from absorption spectroscopy. Therefore c2/[(6.92)(l.06)] or c > 0.28 M.
For all actinometry a 2.000 M solution of cyclopentanone in pentane with 6.500E-4 M
dodecane as internal standard was used. Cyclopentanone is known to undergo a Norrish
Type I photochemical process involving the initial cleavage of a carbon-carbon bond. This
cleavage is followed by an intramolecular hydrogen abstraction by the carbonyl carbon atom
to give an unsaturated aldehyde (4-pentenal) as the major product (Scheme El).
cyclopentanone
hu
254 nm
4-pentenal
major product
>99%
very small amounts
Scheme El: The products of cyclopentanone photolysis.
The quantum yield for this reaction (04.pentenal) has been measured at 254 nm and is
equal to 0.38 ± 0.02.'Therefore by measuring the amount of 4-pentenal present after
irradiation and working through the algebraic relationship for the quantum yield as given by
0 = [(# of molecules reacting / unit volume / unit time) ± (# photons absorbed / unit volume
/ unit time)] the incident radiation during photolysis can be measured.151
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